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Abstract 
In the wood products industry, terahertz (THz) radiation is an emerging technology 
that is showing promise for new types of monitoring. These applications are depen-
dent on the ability of THz radiation to probe the gross fibre structure of wood. The 
sensitivity to this gross fibre structure results from strong birefringence at THz fre-
quencies. Prior to this thesis work, the nature of the birefringence exhibited in wood 
was an open question. Based on the physical structure of wood, the large birefringence 
observed can be due to intrinsic birefringence, resulting from the dielectric properties 
of the wood material present in the cell walls, or form birefringence, resulting from 
the repetitive array of cylindrical cells present in the wood structure. This thesis 
determines for the first time the origin of birefringence at THz frequencies in wood. 
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Chapter 1 
Introduction 
Terahertz (THz) radiation lies in the far-infrared portion of the electromagnetic spec-
trum, between microwaves and infrared radiation. The frequencies in this range that 
are most useful for applications fall between 300 GHz and a few THz, and have wave-
lengths in the sub-millimeter range [1]. THz radiation is useful for many different 
applications, as many non-conductive dry materials are transparent at these frequen-
cies. This transparency allows transmission imaging of many materials, with sub-
millimeter spatial resolutions, which is far better than the spatial resolution achieved 
with microwave radiation. Furthermore, THz radiation is non-ionizing and poses no 
significant health concerns [2] in contrast to X-rays. Therefore, based on the trans-
parency, spatial resolution, and safety of THz radiation, THz radiation has potential 
as a new imaging tool with many practical applications in industry. One area of 
strong potential for this new technology is the wood products industry. THz tech-
nology has such strong potential in the wood products industry, not only because of 
the transparency, good spatial resolution, and safety, but THz radiation is unique in 
that it is sensitive to the internal fibre structure of wood and wood composites. This 
thesis focuses on the science behind why THz technology is likely to become such an 
important technology in the wood products industry. 
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Currently, there are many applications of THz radiation, which include security [3], 
spectroscopy of pharmaceuticals and explosives [3], medical applications [4], and qual-
ity control [5]. Furthermore, it was determined early on that THz radiation could be 
used to measure wood properties, as it was used to create a density map of beech 
wood that had a sub-annular ring spatial resolution [6]. Later on, it would be seen 
that wood exhibits strong birefringence at THz frequencies [7]. From these studies, 
the interest in the technology grew substantially in the wood products industry, as a 
result of potentially using THz radiation to probe the gross fibre structure of wood 
and wood products, and potentially using THz radiation to image wood and wood 
products in transmission, with a sub-millimeter spatial resolution. One application 
in the wood products industry that is currently being assessed is the use of THz ra-
diation in the oriented strand board (OSB) industry, which is discussed briefly in the 
next chapter. For wood products applications, and the work presented in this thesis, 
broadband pulse THz radiation needs to be used. A large frequency range is necessary 
as the interaction of the THz pulse with the wood materials depends on frequency. 
For wood and wood products, the ideal frequency range occurs between 100 and 400 
GHz, as above this range, the THz radiation is absorbed more strongly by the wood. 
In the wood products industry, there are many applications of THz radiation, 
although these applications are dependent on the ability to probe the gross fibre 
structure of wood. The sensitivity of this gross fibre structure results from the strong 
birefringence, although it is currently an open question as to where this strong birefrin-
gence originates. Based on the physical structure of wood, the birefringence observed 
can be due to intrinsic birefringence, resulting from the dielectric properties of the 
wood material present in the cell walls, or it can be due to form birefringence, re-
sulting from the repetitive array of cylindrical cells present in the wood structure. 
Previous work suggested that the dominant contribution in birefringence appeared to 
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be due to form birefringence [8], although these results were qualitative. This thesis 
addresses this issue by quantitatively determining the source of the birefringence at 
THz frequencies. This question is important as the source of birefringence will impact 
the applications of THz technology to the wood products industry that look to exploit 
the large birefringence in new sensor technologies. 
In order to determine the relative contributions of the birefringence, a number of 
systematic studies will be addressed in this thesis and will be briefly outlined here. 
Before any of these studies are addressed in this thesis, however, the background be-
hind all of the concepts that will be used in this thesis work is presented in Chapter 2, 
and will be referred to throughout the thesis. 
The first study performed is outlined in Chapter 3, and is intended to introduce the 
concepts of birefringence in wood, and demonstrate the sensitivity of THz radiation to 
the gross fibre structure of wood, by outlining the birefringence observed in wood at 
THz frequencies. This is critical to any new potential application of THz technology 
in the wood products industry. This introduction to the birefringence of wood at THz 
frequencies illustrates birefringence in three different wood species, aspen, larch, and 
spruce. Based on the fact that the birefringence values differ between species, the 
possibility of using THz for species differentiation is discussed. 
Chapter 4 is a systematic study of THz data within and between species. In this 
chapter, ten different species of wood are studied using THz radiation. The THz 
waveforms, refractive index values, and birefringence values are compared within and 
between species. It is seen that large variability in birefringence values may limit 
applications to species identification, however, combined with the THz waveforms, it 
may be possible to differentiate between species. Furthermore, the average birefrin-
gence seen in softwoods and hardwoods are compared. These results suggest that 
form birefringence may be the dominant contribution of the birefringence observed in 
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wood at THz frequencies. 
Chapter 5 is a study of THz data with respect to moisture content within wood. 
For this study, aspen is conditioned to various moisture contents, and both THz 
transmission and reflection time domain spectroscopy is performed on these samples. 
As moisture content increases, it is expected that the intrinsic birefringence would 
remain constant, and the form birefringence would change. Based on the data ob-
served, it can be seen that the birefringence in aspen is not well correlated to moisture 
content and tends to remain constant within error. These observations suggest that 
intrinsic birefringence is the dominant contribution of birefringence in wood at THz 
frequencies. 
The information gathered on the source of birefringence thus far gives what appears 
to be contradictory results. This demonstrates the need for an accurate, quantita-
tive study to extract the relative contributions of birefringence in different species. 
Chapter 6 is exactly that study. In order to extract the relative contributions of bire-
fringence in wood at THz frequencies, six different wood species are saturated with 
liquids of varying indices of refraction, which span that of cellulose. When the re-
fractive index of the saturation liquid matches that of the cell wall material, it would 
be expected that the contribution from form birefringence to the total birefringence 
would be zero. The residual birefringence from these measurements would be a re-
sult of the intrinsic birefringence. The results from this chapter illustrate that for 
the majority of the wood species, the relative contribution of form birefringence to 
the total birefringence is at least one half for most species. Aspen is an exception 
to this, and only has approximately one fifth of the birefringence resulting from form 
birefringence. 
These results suggest that the source of birefringence in wood at THz frequencies 
varies strongly between species, but can be attributed primarily to form birefringence 
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in most cases. The exception of the species studied here is aspen. Even though the 
relative contribution of form birefringence observed in aspen was relatively small, the 
data is consistent for the multiple studies performed in this thesis. These results are 
important as they suggest that THz radiation can be used effectively to probe the 
gross fibre structure of wood and wood products. 
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Chapter 2 
Background 
2.1 THz technology 
Terahertz (THz) radiation lies in the far-infrared portion of the electromagnetic spec-
trum, between microwaves and infrared radiation, as can be seen in Figure 2.1. The 
most useful frequencies for applications fall between 300 GHz and a few THz, with 
wavelengths in the sub-millimeter range [1]. Many non-conductive dry materials are 
transparent at these frequencies, which allows transmission imaging of many materials. 
The wavelengths associated with THz radiation additionally allow spatial resolutions 
that are sub-millimeter, which is not possible with microwave radiation. Furthermore, 
THz radiation is non-ionizing and poses no significant health concerns [2] in contrast 
to damaging X-rays. Therefore transparency, spatial resolution, and safety of THz 
radiation combine to offer a new imaging and sensing technology with many practical 
applications in industry which is becoming a very popular area of study in recent 
years. One area of strong potential for this new technology is the wood products in-
dustry. This industry is likely to benefit significantly from THz technology because in 
addition to transparency, good spatial resolution and safety, THz radiation is unique 
in that it is sensitive to the internal fibre structure of wood and wood composites. This 
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Figure 2.1: Electromagnetic Spectrum [1] 
thesis addresses the science behind the potential new applications of THz technology 
in the wood products industry. 
2.1.1 Terahertz Generation 
While there are many methods to generate and detect THz radiation, the work in this 
thesis is based on a broad-band pulsed source of THz radiation. A broad-band source 
is necessary to probe the interaction of THz radiation with wood so that the entire 
useful frequency range of approximately 0.05-1 THz can be probed simultaneously 
to investigate the fundamental interactions of THz radiation with wood. The two 
most common methods for producing broadband, pulsed THz radiation are (i) optical 
rectification and (ii) photoconductive generation. These two methods are discussed 
below. 
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Optical Rectification 
Optical rectification occurs when a nonlinear crystal is illuminated by a short optical 
laser pulse which has a broad range of frequencies. During illumination, a nonlinear 
polarization of the crystal lattice is generated proportional to the beam's flux density, 
which tracks the intensity profile of the excitation beam and radiates a terahertz wave 
[9], which arises from difference-frequency mixing. 
The physical mechanism that takes place in optical rectification is the production 
of a transient polarization of the nonlinear crystal lattice, P(t), when a femtosecond 
optical pulse is focussed on a material with a second-order nonlinear response. The 
terahertz radiation produced is proportional to the second time derivative of the low-
frequency part of P(t). Using this method, very short electromagnetic pulses can be 
obtained, with correspondingly large bandwidths [10]. If the optical driving pulses 
are short enough (~100 fs), then the radiated fields will have frequency components 
in the THz range. 
Many nonlinear crystals can be used to generate THz radiation, although zinc 
telluride (ZnTe) is typically used. ZnTe is used because there tends to be a match 
between the group velocity in the excitation pulse and the phase velocity of the THz 
pulse being generated. When this occurs, the THz wave is allowed to build up as 
the optical pulse propagates, and if this condition is not met, THz radiation will only 
be generated over a small distance in the nonlinear crystal. Other crystals tend to 
have lower optical rectification components, or lower powers, as the highest powers 
are achieved when the pulses are velocity matched. Optical rectification is a second-
order, nonlinear process, and therefore needs an amplified laser system to generate an 
efficient THz source. This is due to the fact that the output power of the THz signal 
scales as the square of the intensity of the optical excitation pulse. 
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Photoconductive Generation 
The emission of THz radiation by photoconductive sources is what is used in this 
thesis work, and will be explained in this section. Photoconductive generators are 
formed by constructing a photoconductive switch on a semiconductor substrate. If 
an electrically biased photoconductive switch is driven by an ultrashort optical pulse 
(~100 fs), an ultrashort electrical transient will be produced which has a rise-time on 
the order of several hundred femtoseconds. The electrical transient will then radiate 
according to Maxwell's equations, dJ /dt , and the radiated electromagnetic wave will 
have wavelengths which fall into the terahertz range [10]. 
When a femtosecond laser pulse excites a biased semiconductor, electrons are 
promoted to the conduction band from the valence band. This leads to a rapid rise 
in current density, which in turn radiates an electromagnetic transient with terahertz 
frequencies. The specifics of the pulses and the radiation produced depends strongly 
on the semiconductor used [10]. 
Many different substrates can be used to generate THz radiation from a photocon-
ductive source, although gallium arsenide (GaAs) and low-temperature grown gallium 
arsenide (LT-GaAs) tend to be the standard. GaAs large-aperture photoconductive 
switches have been used to generate pulsed THz radiation with the highest reported 
conversion efficiency from optical pulses [11],[12]. LT-GaAs tends to be used because 
it has a high breakdown field, a sub-picosecond carrier lifetime, and reasonably good 
mobility, while semi-insulating (SI) GaAs has a carrier lifetime of several hundred 
picoseconds [13]. Generally speaking, these types of sources require much less average 
optical power than the nonlinear sources used in optical rectification and are therefore 
more cost effective to use. In photoconductive generation, the optical pulse is simply 
an excitation pulse, and the power of the output THz wave scales with the square of 
the bias field. As the output power does not require a high intensity of the optical 
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pulse, amplified lasers are not necessary, hence making photoconductive sources a 
much more efficient method of THz generation. Combining this with the ability for 
fibre optic coupling makes photoconductive sources an ideal candidate for industrial 
applications. 
For this study, two different systems are used: (i) the Picometrix T-Ray 2000 
Research Application Development System, and (ii) the Picometrix T-Ray 4000 Time 
Domain THz System. Both of these systems use optical lasers which drive fibre-
coupled emitters and detectors, and they both have a bandwidth between 0.02 and 3 
THz. 
2.1.2 Terahertz Detection 
The two most common methods for detecting THz transients are (i) electro-optic sam-
pling and (ii) photoconductive sampling. These two sampling methods are typically 
combined with their generation counterparts discussed in the previous section. 
Electro-optic Sampling 
Electro-optic sampling (EOS) is a coherent detection scheme used to detect THz 
radiation. Coherent detection generally refers to the technique of phase locking the 
THz signal to the optical probe pulses. This detection scheme is typically implemented 
to detect THz radiation generated by optical rectification techniques. The THz field 
acts as a bias in an electro-optic material which is probed by an optical gating pulse 
via the linear electro-optic effect. In this situation, if the optical gating pulse is 
much smaller than the THz pulse, and the optical and THz pulses propagate through 
the electro-optic detector at the same speeds, the electro-optic effect will produce a 
measurable signal that is directly proportional to the THz electric field [10]. 
As with optical rectification THz generation techniques, EOS is typically per-
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formed using ZnTe crystals. Generally, the primary concerns involved in EOS include 
choosing an appropriate electro-optic material and how to implement velocity match-
ing. It is generally possible to match the optical group velocity to the phase velocity 
of the low frequency THz wave by choosing a proper optical wavelength. EOS using 
ZnTe can easily have a bandwidth of 2.5 THz, with a frequency response up to 5 THz 
[14]. It is important to note that this bandwidth is comparable to that obtained by 
photoconductive sampling, but depending on the crystal used, EOS can have a much 
larger bandwidth than photoconductive sampling. In this study, as wood attenuates 
THz signals at high frequencies, only a narrow bandwidth is needed, so photoconduc-
tive sampling is most efficient for this study. 
Photoconductive Sampling 
Photoconductive sampling is a coherent detection scheme which uses a gated photo-
conductive antenna to measure charge accumulation in a gating window. The output 
signal is dependent on the incident THz field and also depends on parameters of the 
photoconductor itself. When THz detection is performed with a short dipole on a 
substrate with a lens, and the recombination time for carriers in the photoconduc-
tor is short, the voltage across the photoconductive gap resulting from biasing the 
photoconductor with the THz field, the measured induced current is approximately 
proportional to the incident THz field. If the semiconductor substrate has a finite 
time response, the measured signal will not be a true representation of the THz field. 
Also, antennas are usually frequency dependent and also distort the measured signal. 
This method typically has a better signal-to-noise ratio and sensitivity than that of 
electro-optic sampling, although the bandwidth tends to be more limited [10]. 
Generally speaking, photoconductive sampling can be combined with photocon-
ductive generation with far less power than the nonlinear optical methods used in 
optical rectification and electro-optic sampling. Combining this with the fact that 
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fibre optic cables can be used to couple the optical excitation pulses to the photocon-
ductive antennas makes combined photoconductive systems attractive for industrial 
applications. Fibre optic coupling allows arbitrary positioning of the emitter and de-
tector heads. This allows the emitter and detector heads to be placed in industrial 
settings, which may include conditions not suitable for sensitive optical components, 
such as dust or moisture. 
2.1.3 Applications of THz technology 
Currently, there are many applications of terahertz radiation, including applications in 
security [3], spectroscopy applications in pharmaceuticals and explosives detection [3], 
medical applications [4], and quality control [5]. 
It was determined fairly early on that terahertz radiation could be used to mea-
sure properties of wood, as it was used to create a density map of beech wood with 
sub-annular ring spatial resolution [6]. Later on, it was found that wood exhibits 
strong birefringence at THz frequencies [7]. From this, a significant interest in the 
technology for the wood products industry grew as a result of the potential ability of 
THz radiation to image wood and wood products in transmission, with sub-millimeter 
resolution, and to probe gross fibre structure. 
One specific application in the wood products industry that is currently being 
assessed is the use of THz radiation in the oriented strand board (OSB) industry. 
THz radiation can be used to create a density map of the OSB mat, Figure 2.2, which 
in turn provides information about the uniformity of the boards being produced as 
well as the strength properties of the final products. This is of interest to the industry 
as it provides a means to reduce raw materials costs in the production process. There 
is also the potential of using THz radiation to determine the fibre alignment within 
the OSB mat, which is related to the strength of the final product, and can again 
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provide information useful to the OSB producers to minimize the materials cost. 
Based on the market research study, the implementation of a THz system into an 
OSB mill could save 1.3 million dollars a year per mid-low volume mill [15]. Based 
on probing the density and fibre alignment of the mat, the savings would be approxi-
mately 1 million dollars a year. Currently, the density is non-uniform over the board, 
so in order for the product to be up to certain standards, the portion of the board 
with the lowest density is used as the guideline. Also, the fibre alignment is strongly 
correlated to the strength of the product, and as the fibre alignment is not ideal, the 
density tends to be higher to compensate for this misalignment of fibres. With an 
ideal fibre orientation, the standard of strength could be met with less dense boards. 
If the density could be minimized, money would be saved in other ways as well. First 
of all, the through-put is limited by the press time. If the lowest possible density 
could be used for the standard of strength, the press time could be minimized. The 
combination of minimizing the press time, and increasing the through-put because 
of this, would save a mill approximately 185 thousand dollars a year. Secondly, less 
dense mats would require less glues and resins, saving approximately 125 thousand 
dollars a year, and finally, less dense mats would save approximately 50 thousand 
dollars a year in shipping. Overall, in a mid-low volume mill, these savings are very 
high, so if this were implemented in a higher volume mill, the savings could be much 
higher [15]. Not only could this save a lot of money for the OSB mills, but it also 
could save natural resources, as fibre supplies are lower now due to the Mountain Pine 
Beetle killing lodgepole pine trees. 
There are significant applications of THz radiation to wood products, although 
this hinges on the ability to probe the gross fibre structure of wood. Gross fibre 
structure sensitivity results from birefringence, however, it is an open question as 
to how THz radiation can probe this structure. This thesis addresses the issue by 
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Figure 2.2: (a)An optical picture of a 4.5" xl2" OSB board under strength testing. 
(b)Fibre orientation anisotropy map of the same piece of OSB, where green corre-
sponds manufacturers target fibre alignment. This piece of OSB had a break load of 
320 lbs. 
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determining the source of the birefringence at THz frequencies. If the birefringence 
has a large contribution from form birefringence, the applications to the wood products 
industry could be really opened up because the gross fibre structure of wood products 
is really being probed. Furthermore, before these studies were performed, it was 
unclear whether the fibre structure was actually being probed in a way that could 
extract structural information of any kind. As such, the background material relating 
to the birefringence of wood is presented next. 
2.1.4 Birefringence 
Many crystalline substances are optically anisotropic, which means that their optical 
properties are not the same in all directions in a given sample. More specifically, 
a material which displays two (or more) different indices of refraction, is said to be 
birefringent. In the visible region of the electromagnetic spectrum, calcite is a good 
example of a crystalline structure that exhibits birefringence. In this case, light is 
refracted in two different directions depending on its polarization. 
Reid and Fedosejevs [7] have shown that wood exhibits both diattenuation and 
birefringence in the far-infrared portion of the electromagnetic spectrum. The trans-
mitted time-domain THz waveforms were examined as functions of the orientation 
of the grain with respect to the polarization of the THz field, by rotating the wood 
sample. Based on this study, it can be seen that the birefringence axes of the wood 
coincide with the parallel and perpendicular orientations of the visible wood grain to 
the polarization of the THz beam. Not only was it shown that the birefringence in 
wood is frequency independent, but that it is also very large (An = 0.07 for n = 1.25-
1.35) [7]. The important thing to note is that there is still the question of where the 
birefringence actually comes from. As birefringence is illustrated in reference [7], it is 
clear that there is a component of birefringence coming from intrinsic birefringence as 
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paper was shown to be birefringent, but it is important to determine whether wood 
exhibits a form birefringence component. Based on the complex wood structure, there 
is a strong possibility of form birefringence from the repetitive wood structure, and 
intrinsic birefringence, based on the crystallinity in the cell wall. The next portion 
illustrates these complex structures. 
2.2 Wood Structure 
Wood species fall into two main groups: hardwoods and softwoods. The hardwoods 
are the angiosperms, which consist of the leaf bearing trees, and the softwoods are 
the gymnosperms, which consist of the needle and cone bearing trees [16]. 
It can be seen in Figures 2.3 and 2.4 that both hardwoods and softwoods have 
similar structures, although it can be seen that hardwoods are much more complex. 
Based on the fact that hardwoods have more types of cells than softwoods, it is likely 
necessary to consider both types of species in order to determine where the birefrin-
gence comes from. This could be due to the fact that the structure of hardwoods 
is not as uniform as that of softwoods. This could mean that hardwoods have a 
lower form birefringence. Also, it is important to note that overall, hardwoods are 
more dense than softwoods, which could correspond to a higher intrinsic birefringence 
in hardwoods. Due to these main structural differences, it is important to consider 
both types of species to determine the source of birefringence. The structure will be 
described in more detail below. 
2.2.1 Softwoods 
In most softwoods, two main types of cells are present; tracheids and parenchyma cells. 
Tracheids provide physical support and conduction of water and sap, and parenchyma 
cells provide storage of nutrients. Tracheid cells are long, hollow, and needle shaped, 
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Figure 2.3: Softwood structure [17] 
and are generally 2.5-5 millimeters in length, although they can be as long as 10 
millimeters, which can be seen in Figure 2.3. The tracheids are packed tightly together, 
and the orientation of these cells provide the grain orientation. Parenchyma cells are 
major components in rays and run radially in the cross section of the wood [16]. 
2.2.2 Hardwoods 
Hardwoods are made up of four main types of cells; tracheids, which provide support 
and conduction; parenchyma cells, which provide storage of nutrients; fibres, which 
provide support; and vessels, which provide conduction of sap. The structure of 
hardwoods can be seen in Figure 2.4. In hardwoods, the majority of the mechanical 
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tissues are wood fibres. These are narrow, spindle-shaped cells, similar to tracheids, 
although they are pointier and shorter, usually about 1 millimeter in length. The 
orientation of these cells provide the grain or fibre orientation [16]. 
All of the cells in hardwoods and softwoods have similar structures. Not only are 
they layered, but they also have smaller structures referred to as microfibrils aligned 
in each of the layers of the cell wall. 
2.2.3 Microfibril Angle 
Chemically, wood is primarily composed of cellulose, hemicellulose, and lignin. The 
cellulose has both a crystalline component and an amorphous component, at an ap-
proximate 70:30 ratio (Figure 2.5). Within the cell walls, small structures called 
microfibrils are aligned, which can be seen in Figure 2.6. Within the cell wall, there 
are three secondary (S1) and one primary (P) wall layers, including (from the out-
side in), the middle lamella, primary wall, outer S\ layer, middle S*2 layer, and inner 
S3 layer. The microfibrils in each layer are aligned at a specific angle, called the 
microfibril angle [16]. 
The Si layer only comprises less than 10% of the cell wall thickness, and the S3 
layer only comprises approximately 1% of the cell wall thickness. This leaves the S2 
layer to comprise 85% or more of the cell wall thickness. The remaining 4% of the 
cell wall is the primary layer, which is illustrated in Figure 2.6. The orientation of 
the microfibrils is strongly related to the performance parameters of the wood, such 
as mechanical properties and dimensional change, as these are strongly correlated to 
the microfibril angle [16]. 
Currently, the measurements of microfibril angle are quite time consuming and 
laborious. The techniques being used are generally iodide staining, polarization mi-
croscopy, and X-ray diffraction [16]. 
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Figure 2.4: Hardwood structure [17] 
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Figure 2.5: Molecular structure of the softwood cell wall [17] 
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Figure 2.6: Cross section of a softwood cell, illustrating its layers [17] 
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As previously discussed, in wood, birefringence can be caused by intrinsic birefrin-
gence, based on the crystalline nature of the cell wall, and form birefringence, based 
on the array of cells. The overall structure of hardwoods and softwoods is important 
in determining the relative contribution from form and intrinsic birefringence for a 
number of reasons. First of all, the density corresponds strongly to the intrinsic bire-
fringence. Based on the structure, it can be seen that the density is based on the 
components and structures of the cell walls, as well as the size of the cells. Secondly, 
the repetitive structure of the wood corresponds strongly to the form birefringence. 
Based on the structure, if there are random orientations of the cells within wood, it 
could be expected that there would be less form birefringence. Based on this, it could 
be expected that hardwoods exhibit less form birefringence, as the cell array is less 
uniform than that in softwoods. Furthermore, actually determining the source of the 
birefringence is important, as it provides information as to whether or not THz radi-
ation can probe the gross fibre structure. If there is a significant form birefringence, 
THz radiation could probe the gross fibre structure, which would be beneficial in com-
posite wood products industries, such as OSB. In these industries, the fibre alignment 
within the product is strongly correlated to the strength of the product, hence being 
able to probe this alignment would provide in-line strength measurements. 
Another important variable in the wood products industry is moisture content. 
Moisture content is expected to significantly affect THz measurements. Water strongly 
absorbs THz radiation, so it is important that the moisture content of the wood is 
studied in detail, especially when considering industrial applications. Furthermore, 
the effect of the moisture content on the birefringence needs to be quantified in order 
to understand the dependencies before other parameters can be analyzed in more 
detail. 
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2.2.4 Moisture Content 
Wood is a hygroscopic material, so when it is exposed to different atmospheric condi-
tions, such as changes in temperature and/or relative humidity, the moisture content 
varies with its surroundings to rest at equilibrium. This equilibrium moisture content 
is also affected by other factors, such as previous drying, mechanical stress, extrac-
tives, and species. When "green" wood, meaning that the wood has been freshly 
harvested, is conditioned initially, its equilibrium moisture content rests at a higher 
value than wood that has been previously conditioned, in the same atmospheric con-
ditions. When wood is conditioned at a specific relative humidity, it comes to rest at 
an equilibrium moisture content, which is defined in the wood products industry as 
the oven-dry base: 
MC= (m"mA
 xioo%, (2.1) 
\ mod J 
where MC is the equilibrium moisture content (expressed in percent), m is the mass 
of the conditioned sample, and m0d is the mass of the oven-dried sample [18], [19]. 
2.3 Using terahertz radiation to probe wood 
2.3.1 Taking THz Measurements 
Terahertz measurements can be taken both in transmission and reflection configura-
tions. 
Transmiss ion 
A transmission configuration basically consist of an emitter and a detector in line with 
one another, with the sample in between. Generally, an aperture or lens is used in 
order to narrow the beam so that the beam is only transmitted through the sample, 
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Figure 2.7: Transmission geometry of a THz time-domain spectroscopy set-up 
and is not diffracting around the edges of the sample. 
Data is collected in the transmission geometry by first taking a reference scan. 
This reference scan is taken with all of the optical components in place, with the 
exception of the sample. Following this, the scans of the sample are taken, which can 
be related to the reference scan as discussed below, in order to extract the indices 
of refraction, the absorption coefficient, and the birefringence of the samples. This 
configuration is shown in Figure 2.7. 
Reflection 
A reflection configuration consists of an emitter and a detector which are not co-
linear, and the THz radiation is reflected off of the surface of a sample. In the 
experiments conducted for this thesis work, the sample is placed at a 45° angle in 
between the emitter and detector, as shown in Figure 2.8. In the reflection geometry, 
two different reference scans are taken. One is taken with nothing in the sample 
holder, to determine how much long-wavelength THz radiation is being reflected from 
the sample holder, and one is taken with a gold-coated mirror in the sample holder, 
to serve as the reflection reference. The long-wavelength background radiation from 
the sample holder must be subtracted from the measurements in order to perform the 
reflection spectroscopy. 
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Figure 2.8: Reflection geometry of a THz time-domain spectroscopy set-up 
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2.3.2 Analysis of THz Data 
Both the transmission and reflection data are analyzed in order to determine the 
indices of refraction, and the birefringence of the samples. The equations and analysis 
used to extract the information is presented in this section. 
Data Truncation 
All of the data to be analyzed is truncated at the zero-crossing of the THz time-
domain signal occurring latest in time. This is done so that artifacts in the Fourier 
spectrum, resulting from the Fourier transform of a step function, can be minimized. 
Along with the truncation, any DC offset is removed by subtracting the offset from 
the entire data set. There is typically a small offset that is always present in the 
measured waveforms in the system used in these experiments, which is an artifact of 
the detector electronics. 
Transmission Analysis 
To analyze the data, the Octave programming language is used to solve for the index of 
refraction (n) and the absorption coefficient (a) simultaneously. In transmission, there 
are two methods that can be used to determine these values. Standard methods for 
determining the frequency dependent birefringence can be found in the literature [20], 
as well as a method for extracting the birefringence directly in the time-domain if the 
birefringence is frequency independent [7]. 
For the frequency dependent method, the coherent detection allows the full com-
plex dielectric function for the wood to be found. The ratio of the terahertz signal 
transmitted through the wood to the reference terahertz signal, both in frequency 
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space, is computed as: 
'
<lA
 ={iaw){iwa)e-i^^-^, (2.2) 
where Ewood and Eref are the complex-valued terahertz fields in the frequency domain, 
obtained by transforming the time-domain data, transmitted through wood and air 
respectively, v is the frequency, c is the speed of light in vacuum, L is the length or 
thickness of the wood sample, and taw and twa are the Fresnel transmission coefficients 
of the wood-to-air and air-to-wood interfaces, respectively, which are defined as: 
n, + no-
where hi is the index of refraction for substance i. The index of refraction for air is 1 
and the complex index of refraction for wood is defined as: 
hw = nw + ikw. (2.4) 
If we put all this together, we can solve for the real index of refraction and the 
absorption coefficient for wood in the thin sample approximation: 
". = - 5 ^ + 1. M 
aw = -—In R 
(nw + 1) (2.6) 
4nw 
where R and 6 are the amplitude and phase angle of the complex ratio (transmitted to 
reference spectra) as determined by writing the ratio for the wood and reference signal 
in Euler form: Rel6 [20], [7]. Since the real part of the index of refraction depends 
on the angle of polarization with respect to the grain of the wood, both the index of 
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refraction and the absorption coefficient at all orientations can be determined. 
For the frequency independent method, a much simpler method can be used pro-
vided that the birefringence of the sample does not depend on frequency. For this 
method, the time delay between the transmission data in the time domain taken with 
polarizations parallel and perpendicular to the grain ( A T ) can be used. The average 
birefringence can be calculated as: 
An = ^ , (2.7) 
where as before, c is the speed of light in vacuum, L is the length or thickness of the 
wood, and A T is the time delay between the parallel and perpendicularly polarized 
signals. This method is a reliable estimate provided that the birefringence is frequency 
independent [7]. 
Reflection Analysis 
The index of refraction and absorption coefficient can be extracted from reflected THz 
waveforms by making use of the Fresnel equations: 
W>=f"*' (l8) 
where Ew and Er are the THz fields in the fr equency domain reflected from the 
wood samples and the reference reflection, respectively, v is frequency, f is the Fresnel 
reflection coefficient, and Re1® is the ratio of the complex THz fields in the frequency 
domain (Fourier transform of the THz time domain waveforms) and the reflected THz 
field written in Euler notation. Using the Fresnel reflection coefficient [21], this gives: 
EM
 = Reie = - n 2 c o s 0 + Vn 2 -s in 2 ( /> 
Er\y) fi1 cos <f) + \n2 — sin2 </> 
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where 4> is the angle of incidence (45° for reflection). This leads to a quadratic 
equation: 
which can be solved for h . 
~4 2 
n cos i 
xx2. 
(1 + Rei0) 
{1-Reie) n
2
 + sin21 = 0, (2.10) 
n2 = 
1 ± W l - 4 c o s 2 (1+Re
if>) 
(1-Rei0) sin 
2 cos2 (1+Re*
e) 
(2.11) 
(1-Reie) 
For this case, the positive root gives the proper solution. To solve for the index 
of refraction and absorption coefficients, we take the square root of each side, and 
equate the real and imaginary parts of this to solve for the index of refraction and 
absorption coefficients, respectively. These solutions for both quantities are solved si-
multaneously using the high-level programming language of GNU Octave, specifically 
using a modified Powell hybrid numerical method. 
It is important to note that for the reference signal in the reflection geometry, the 
Fresnel reflection coefficient for gold was taken into account. That means that the 
reference signal is: 
^ r & in i i in I gold) (2.12) 
where Er is our reference signal taken with the gold mirror, Ein is the proper reference 
signal, and rgou is the reflectivity of gold. The Drude model for the low frequency AC 
conductivity of gold is used, where: 
a = 
a(0) (2.13) 
1 — ILUT ' 
where er(0) is the DC conductivity, to is the angular frequency, and r is the scattering 
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time [22]. 
For a perfect metal, the relation between conductivity and index of refraction is 
given by: 
n 1 + i-
e0co 
1/2 
(2.14) 
where e0 is the permittivity of free space [23]. 
Using typical values for er(0) and r [24], it is easily seen that a phase shift of — TT is 
expected in reflection from the gold surface. This leads to the correction of reference 
signal as: 
E = R- p~™ (2.15) 
30 
Chapter 3 
Birefringence in Wood 
3.1 Introduction 
The most unique applications of THz technology in the wood products industry are 
associated with measurements of fibre orientation anisotropy in composite wood prod-
ucts. As such, it is important to be able to relate fibre structure to measured THz 
properties. This Chapter is intended to demonstrate the sensitivity of THz radia-
tion to gross fibre structure, which is critical to new potential applications of the 
technology in the wood products industry. 
3.2 Purpose and Theory 
Many crystalline substances are optically anisotropic, which means that their optical 
properties are not the same in all directions of a given sample. More specifically, 
a material which displays two (or more) different indices of refraction is said to be 
birefringent. In this case, the light can be refracted in two different directions (double 
refraction) [9]. 
Wood exhibits strong birefringence at THz frequencies [7]. The optical properties 
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of spruce wood were investigated in the THz regime. It was demonstrated that the 
indices of refraction for the spruce samples were in the range of 1.25-1.35, with a 
birefringence of An = 0.07, which is very large. In order to put this number in 
perspective, the refractive indices and birefringence of ice, quartz, and zircon can 
be observed in the visible range of the electromagnetic spectrum. For ice, n\\ = 
1.313, n± = 1.309, and An = 0.004; for quartz, n\\ = 1.5534, n± = 1.5443, and 
An = 0.0091; and for zircon, ny = 1.968, n x = 1.923, and An = 0.045 [23]. In 
comparison, the refractive index values observed in wood show a birefringence that 
is large, even compared to that of zircon at optical frequencies, which is known for 
its large birefringence. It was also demonstrated that the birefringent axes in wood 
coincide with directions parallel and perpendicular to the visible grain of wood [7]. 
This indicates that it might be possible for THz radiation to probe fibre structure in 
wood. 
The purpose of this study is to confirm for both softwoods and hardwoods that the 
birefringence matches the gross fibre structure. To do this, polarized THz transmission 
spectroscopy is done in an angularly resolved fashion, where the THz beam is normally 
incident on the wood samples, the polarization of the THz beam is horizontal, and the 
sample is rotated in 10° increments about the surface normal. This rotation changes 
the angle between the polarization of the THz beam and the visible wood grain. 
3.3 Method 
3.3.1 Sample preparation 
For this study, trembling aspen (Populus tremuloides), and Western Canadian white 
spruce (Picea glauca var. albertiana) were obtained from Cranbrook Hill in Prince 
George, British Columbia, and western larch (Larix occidentalis) was obtained from 
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the Forintek Division of FP Innovations, and likely originated from Eastern Canada. 
They were cut into wafers that were roughly 3 mm thick and had a 3.8 cm by 3.8 cm 
square smoothly sanded surface. The surface was sanded to eliminate any scattering 
at the surface, so that any surface roughness was much less than the wavelength at 1 
THz {\\THZ = 300^tm). The samples were cut from the radial plane of the log, such 
that the visible wood grain was in the the plane of the wafers and parallel to one edge, 
which can be seen in Figure 3.1. 
A 0 
~" E T H z 
Figure 3.1: The polarization of the THz beam makes an angle 6 with respect to the 
visible grain as shown, no and rigo are defined as the indices of refraction corresponding 
to polarizations perpendicular and parallel to the grain orientation. 
The samples were dried in an oven for 48 hours at 103 ± 2° to remove excess mois-
ture. They were then stored in a desiccator of anhydrous calcium sulfate (Drierite®) 
until they were needed in order to maintain a zero moisture content. After the mea-
surements were taken, the samples were weighed to an accuracy of 0.01 grams, and 
then dried in the same oven. The dry basis moisture content was then determined us-
ing equation 2.1, in order to be certain that the samples did not adsorb a considerable 
amount of water from the atmosphere. 
The thickness of the samples were measured at four different locations on the 
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sample, using digital calipers, and the average thickness was taken, in order to account 
for any anomalies in the thickness. When the THz measurements were taken, three 
of the four corners of the sample were clipped off, in order to fit them into a circular 
sample holder, without allowing any of the THz signal to leak through. This circular 
sample holder allowed accurate rotation (±0.25°) of the sample. 
3.3.2 Experimental Setup 
For this study, one sample of each species was used. Polarized THz transmission spec-
troscopy was performed using the T-Ray 2000 Research Application and Development 
System at the Picometrix facility, in Ann Arbor, Michigan, United States. The T-Ray 
2000 is a research device that is suited for spectroscopy and imaging from 0.02 to 3.0 
THz. The T-Ray 2000 system has a 100 femtosecond optical laser source with an 
80 megahertz repetition rate to drive a photoconductive emitter and detector. The 
transmission set-up can be seen in Figure 3.2. Angularly resolved data was taken in 
10° increments of the angle between the visible wood grain and the polarization of the 
terahertz signal between 0° and 90°. This means that the angle between the visible 
wood grain and the polarization of the THz beam was increased in increments of 10°. 
30 cm Teflon lens Sample holder 
0 
emitter £-* i detector 
5.7 cm 25.4 cm 25.4 cm 
Figure 3.2: The transmission configuration used in this study consists of an emitter 
and detector in line with one another, with the wood sample in between. The Teflon 
lens was used to narrow the beam so that it is only transmitted through the sample, 
and does not diffract around the edge. The sample holder used, was circular, and had 
an angular scale to allow easy and accurate rotation. 
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3.3.3 Analysis 
The data is analyzed as described in Section 2.3.2, and an example of the analysis 
sequence is presented here for illustration purposes. Using this method, the THz fields 
are plotted as a function of time, which is the original THz time domain signal, as 
shown in Figure 3.3(a). A Fourier transform is then performed on the time domain 
THz signal in order to transform the data into the frequency domain, as shown in 
Figure 3.3(b). Using the equations defined in Section 2.3.2, the indices of refraction 
and absorption coefficients can be determined using the parallel and perpendicular 
data over the frequency range of 0.1 to 0.4 THz. The indices of refraction are plotted 
in Figure 3.3(c). As seen in Figure 3.3(c), the index of refraction varies, in this 
case, from approximately 1.22 to 1.3 as the polarization of the THz beam goes from 
perpendicular to the visible grain to parallel to the visible grain. Using this type of 
analysis, the index of refraction for a THz polarization making an arbitrary angle with 
respect to the visible grain can be extracted, and is what is studied in this chapter. 
3.4 Results 
The angularly resolved index of refraction measurements are plotted as a function of 
the angle between the wood grain and the polarization of the THz beam for aspen, 
larch, and spruce. This can be seen in Figures 3.4 through 3.6, respectively. Based on 
all three figures, it can be seen that the maximum index of refraction occurs at 90° 
for all three types of wood, which corresponds to a polarization parallel to the visible 
grain (±0.25°). The dependence of the refractive index on the orientation angle can 
be calculated using the ellipsoid model of wave normals: 
nlsirfiO + n2, cos28' 
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Figure 3.3: (a)THz signal in the time domain. The black line represents the reference 
signal, the green line represents the signal with the visible grain orientation perpendic-
ular to the polarization of the beam, and the blue line represents the signal with the 
visible grain orientation parallel to the polarization of the beam. (b)THz signal in the 
frequency domain. The black line represents the reference signal, the green line rep-
resents the signal with the visible grain orientation perpendicular to the polarization 
of the beam, and the blue line represents the signal with the visible grain orientation 
parallel to the polarization of the beam.(c)The refractive index is calculated over the 
frequency range of 0.1 to 0.4 THz. The solid circles represent the refractive index 
with the visible grain orientation parallel to the polarization of the beam, and the 
hollow circles represent the refractive index with the visible grain perpendicular to 
the polarization of the beam. 
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where ny and n± are the refractive indices of the grain orientation parallel and per-
pendicular to the polarization of the THz beam, and 9 is the angle between the 
polarization of the THz beam and the grain orientation [21]. 
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Figure 3.4: Angularly resolved refractive index of aspen wood as a function of the 
angle between the wood grain and the polarization of the THz signal, where the 
birefringence (An) is 0.065. The solid line is the theoretical fit of the dependence on 
the refractive index with respect to the orientation angle. 
For aspen wood, as seen in Figure 3.4, the 0° (or parallel) index of refraction 
(ny) is calculated to be approximately 1.22, while the 90° (or perpendicular) index of 
refraction (n±) is calculated to be approximately 1.29. This provides an estimate of 
the birefringence to be 0.07. For larch wood, as seen in Figure 3.5, n\\ is calculated to 
be approximately 1.29, while n±_ is calculated to be approximately 1.35. This gives 
a birefringence of 0.06. For spruce wood, as seen in Figure 3.6, n\\ is calculated to 
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Figure 3.5: Angularly resolved refractive index of larch wood as a function of the 
angle between the wood grain and the polarization of the THz signal, where the 
birefringence (An) is 0.059. The solid line is the theoretical fit of the dependence on 
the refractive index with respect to the orientation angle. 
be approximately 1.23, while n± is calculated to be approximately 1.29. This gives a 
birefringence of 0.06. The values for spruce are consistent with those reported in [7]. 
Furthermore, all three species fall in the same range as previously reported [7]. 
The error in the angle in Figures 3.4 - 3.6 was estimated based on the reliability 
of aligning the grain of the sample with the polarization of the THz beam, and can 
be considered systematic, as the precision in rotation of the sample was accurate 
to ±0.25°. The error in the values of refractive index is small, as each data point 
represents an average of 100 waveforms. The error bars shown in the refractive index 
were estimated from the fluctuations in the peak values of multiple reference THz 
38 
Spruce 
10 20 30 40 50 60 70 80 90 100 
Angle (degrees) 
Figure 3.6: Angularly resolved refractive index of spruce wood as a function of the 
angle between the wood grain and the polarization of the THz signal, where the 
birefringence (An) is 0.069. The solid line is the theoretical fit of the dependence on 
the refractive index with respect to the orientation angle. The error bars plotted are 
small, and comparable in size to the point size. 
waveforms, which were also small (Figure 3.7(a)). To do this, Fourier transforms 
of all 18 reference scans were taken, the spectra were averaged, and the standard 
deviation and standard error were found. The error in the reference, parallel, and 
perpendicular frequency spectra are shown as the spectra plus and minus the standard 
error (Figure 3.7(b)). In order to determine the error in the index of refraction, values 
for the maximum and minimum index were found using the frequency spectra plus and 
minus the standard error, as per equation 2.5. The variation in the refractive index can 
be seen in Figure 3.7(c). It is important to note that this is an estimate for the error, 
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as the error from fluctuations in the peak value of THz signals transmitted through 
the sample will fluctuate as well, but 100 waveforms were averaged. By averaging the 
18 reference scans collected over multiple time scales, this should overestimate this 
error, so the error bars presented here are therefore conservative. 
3.5 Conclusion 
From this study, the gross fibre structure is seen to be related to the strong birefrin-
gence exhibited by wood. This is important, because birefringence in wood can be 
caused by intrinsic birefringence, from the dielectric properties of the cell wall ma-
terials, or form birefringence, from the repetitive array of cylindrical cells. Which 
form of birefringence dominates is an important issue in terms of what measurements 
of birefringence can reveal about the wood being studied. For example, if intrinsic 
birefringence was the dominant contribution to the overall birefringence, then a mea-
surement of birefringence might probe the density of the material. If, on the other 
hand, the birefringence was primarily due to form birefringence, then measurements of 
that birefringence might be expected to correlate with physical strength of the porous 
structure. The high birefringence that is seen at THz frequencies might be expected 
to result from both form and intrinsic contributions. In this chapter, the indices of 
refraction fell into the range of 1.22-1.35, with birefringence in the range of 0.06-0.07. 
For the remainder of the studies in this thesis, only n0 and ngo will be used to extract 
An. 
Experimentally,there are many factors that can have an effect on the birefringence 
of wood. The birefringence of wood is expected to exhibit variation between species, 
and variations with moisture content. For practical applications, it is important to 
quantify the variation of An within and between species, as well as with moisture 
content, which is the subject of Chapters 4 and 5 following this. 
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Figure 3.7: (a) 18 THz reference signals in the time domain. The fluctuations in the 
peak values are small, corresponding to a small error in the refractive index. (b)THz 
reference signal in the frequency domain. The black line represents the reference 
spectra, the green line represents the spectra with polarizations perpendicular to the 
visible grain, and the blue line represents spectra with polarizations parallel to the 
visible grain. (c)The refractive index is calculated over the frequency range of 0.1 
to 0.4 THz. The blue circles represent the refractive index with the visible grain 
orientation parallel to the polarization of the beam, and the green circles represent 
the refractive index with the visible grain perpendicular to the polarization of the 
beam. The error bars plotted are small, and comparable in size to the point size. 
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Chapter 4 
Birefringence Within and Between 
Dry Wood Species 
4.1 Introduction 
In the wood products industry, the knowledge of the wood species is important in 
the manufacturing process, and in the final product performance and properties. It is 
therefore important to be able to differentiate between species. First of all, different 
species of wood have different properties that are crucial to the manufacturing pro-
cess, such as different drying times. Secondly, different species of wood have different 
structural properties, which could affect the final product performance. It is useful to 
have a non-destructive and potentially in-line species differentiation method. Further-
more, based on the differing structures between species of wood, comparing properties 
between them such as birefringence, conclusions about the source of birefringence can 
be made. 
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4.2 Purpose and Theory 
Currently, there are a number of methods that can be used for wood species differ-
entiation. These include, infrared spectroscopy [25], [26], [27], genome scanning 
[28], acoustic-resonance spectrometry [29], sensor array technology [30], chemical 
tests [31], and visual examination. There are currently a number of ways to differ-
entiate between wood species using infrared radiation. What is unique to the THz 
portion of the spectrum is the sensitivity to fibre orientation in transmission, or the 
measurement of the birefringence. 
Infrared spectroscopy had been used to differentiate between wood species by a 
number of different groups, using different methods. Fourier transform infrared spec-
troscopy and two-dimensional correlation infrared spectroscopy was used by Huang 
et al. [25] to differentiate between three wood species. They found that in the char-
acteristic IR spectra from each wood has their own characteristic peaks. The second 
derivative analysis was introduced in order to enhance the spectrum resolution, and a 
thermal perturbation was applied in order to distinguish the different wood samples 
in a much easier way. This method of species differentiation is based on the fact that 
although different wood species have similar composition (of cellulose and various 
hemicellulose) for 90% of the wood mass, the other 10% can vary substantially among 
different species, and even within the same species [25]. Near infrared spectroscopy 
with multivariate statistical modeling was used by Flaete et al. [26] to differentiate 
between three different types of spruce wood. They used reflection spectroscopy in 
the 900-2500 nm range, with wavelengths below that range discarded because of high 
levels of noise. Principal component analysis was applied to the data in order to 
reduce a large number of highly correlated variables to a few uncorrelated principal 
components. These components were analyzed and it was found that the first two 
principal components could not be used for identification of wood species, but the 
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third and fourth principal components could be used. They used the partial least 
squares discriminant analysis method to further analyze the data. These methods of 
analysis indicate that NIR spectroscopy can be used to differentiate between species, 
but only a small amount of the NIR spectrum proved useful for this feat [26]. Diffuse 
reflectance Fourier transform infrared (DRIFT) spectroscopy was used by Nault and 
Manville to differentiate between seven coniferous species. They used DRIFT spectra 
of the green wood samples for simple modeling of class analogy pattern recognition to 
differentiate species. With this approach, they were able to classify the samples with 
a high accuracy [27]. 
Based on the fact that the IR portion of the electromagnetic spectrum has been 
used in a number of ways for differentiation between species, it might be expected 
that THz radiation, falling into the far-IR portion of the spectrum, and offering trans-
parency, might be a valuable candidate for this application as well. Aside from the 
fact that it could be used for species differentiation, THz radiation proves to be use-
ful in a number of other applications related to the wood products industry. THz 
radiation may prove to be a multi-functional tool in the wood products industry. 
In this study, the variation in the THz birefringence of wood is studied in detail, 
both between and within species. 
4.3 Method 
4.3.1 Sample Preparation 
For this study, trembling aspen (Populus tremuloides), and Western Canadian white 
spruce (Picea glauca var. albertiana) were obtained from Cranbrook Hill in Prince 
George, British Columbia, balsa (Ochroma pyramidale), elm (Ulmus americana), 
Manitoba maple (Acer negunda), sugar maple (Acer saccharum), white oak (Quercus 
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alba), Pacific silver fir (Abies amabilis), red juniper (Juniperus virginiana). West-
ern larch (Larix occidentalis), and Eastern Canadian white spruce (Picea glauca var. 
glauca) were obtained from Forintek Division of FPInnovations, and likely originated 
from Eastern Canada, and spruce from 2x4 lumber was obtained at the hardware 
store. The wood was cut into wafers that were roughly 3 mm thick and had a 3.8 
cm by 3.8 cm square smoothly sanded surface. The surface was sanded to eliminate 
surface scattering. The samples were cut from the radial plane of the log, such that 
the visible wood grain was in the the plane of the wafers and parallel to one edge, 
which can be seen in Figure 3.1. 
The samples were dried in an oven for 48 hours at 103 ± 2° to remove excess 
moisture. The samples were then stored in a desiccator of anhydrous calcium sulfate 
(Drierite®) until they were needed in order to maintain a zero moisture content. 
After the measurements were taken, the samples were weighed to an accuracy of 0.01 
grams, and then dried in the same oven. The dry basis moisture content was then 
determined using equation 2.1, in order to be certain that the samples did not adsorb 
a considerable amount of water from the atmosphere. 
The thickness of the samples were measured at four different locations on the 
sample, using digital calipers (± 0.01 mm), and the average thickness was taken, in 
order to account for any anomalies. When the THz measurements were taken, three 
of the four corners of the sample were clipped off, in order to fit them into a circular 
sample holder, without allowing any of the THz signal to leak through. This circular 
sample holder allowed accurate rotation (±0.25°) of the sample. 
4.3.2 Experiment 
The experimental procedures were done in two stages: (i) using the T-Ray 2000 Re-
search Application and Development System at the Picometrix facility, in Ann Arbor, 
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Figure 4.1: The transmission configuration used in this study consists of an emitter 
and detector in line with one another, with the wood sample in between. The sample 
holder used, was circular, and had an angular scale to allow easy and accurate rotation. 
Michigan, United States, and (ii) using the Picometrix T-Ray 4000 THz spectrometer 
at Del-Tech Manufacturing Inc., in Prince George, British Columbia, Canada. The 
T-Ray 2000 is a research device that is suited for spectroscopy and imaging from 0.02 
to 3.0 THz. The T-Ray 2000 system has a 100 femtosecond optical laser source with 
an 80 megahertz repetition rate to drive a photoconductive emitter and detector. The 
T-Ray 4000 is a research-grade THz spectrometer generating THz waveforms with 320 
ps of delay at a 100 Hz repetition rate offering bandwidth from 0.02 to 2.00 THz. 
Using these spectrometers, a transmission geometry (Figure 3.2 for the T-Ray 2000 
and Figure 4.1 for the T-Ray 4000) was used to perform spectroscopy on the samples 
of wood. For each species of wood, the THz pulses were passed through the sample 
with a horizontal polarization. The transmitted THz fields were detected with the 
sensitivity axis of the photoconductive detector being horizontal. For the purposes 
of extracting the birefringence of the samples, two orientations were used with the 
visible grain parallel and perpendicular to the THz field (0° and 90° in Figure 3.1, 
respectively). For transmission spectroscopy, the reference signal was obtained by 
removing the wood sample from the THz beam path. 
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4.3.3 Analysis 
The data was analyzed as outlined in Section 2.3.2. Using this method, the parallel 
and perpendicular indices of refraction and absorption coefficients were determined 
for all of the samples in the frequency range of 0.1 to 0.4 THz. The birefringence 
was calculated as the difference between the parallel and perpendicular indices of 
refraction (An = n\\ — n±) averaged over the frequency range of 0.1 to 0.4 THz. 
4.4 Results 
Polarized THz transmission spectroscopy was performed on eleven species of wood. 
An example of the THz transmission and reference waveforms for all of the species 
is plotted in Figure 4.2. The indices of refraction and absorption coefficients were 
determined using the method presented in Section 2.3.2, and are reported in Table 4.1. 
Hardwoods 
Softwoods 
Wood Species 
Aspen 
Balsa 
Elm 
Manitoba Maple 
Sugar Maple 
White Oak 
Fir 
Juniper 
Larch 
Eastern White Spruce 
Western White Spruce 
Spruce (2x4) 
nx 
1.2448 
1.1064 
1.3742 
1.2751 
1.3494 
1.3754 
1.2427 
1.2557 
1.2966 
1.2326 
1.2237 
1.2637 
nll 
1.2931 
1.1311 
1.4695 
1.3367 
1.4220 
1.4324 
1.3288 
1.3268 
1.3607 
1.3121 
1.2923 
1.3655 
An 
0.0483 
0.0247 
0.0953 
0.0616 
0.0726 
0.0570 
0.0861 
0.0711 
0.0641 
0.0795 
0.0686 
0.1018 
a± (cm : ) 
1.32 
3.99 
2.78 
0.94 
1.85 
3.88 ^ 
0.73 
1.10 
6.29 
0.86 
3.42 
3.31 
«|| (cm-1) 
1.51 
3.56 
4.73 
1.66 
2.81 
4.81 
3.29 
2.96 
9.48 
1.49 
7.30 
5.05 
Table 4.1: THz transmission spectroscopy was performed on 10 species of wood. The 
indices of refraction, birefringence, and absorption coefficients were calculated for each 
species. The error in birefringence is calculated from the fluctuations in the peaks of 
the reference signals to be between 0 and 0.0002 for all of the species. 
As can be seen in Figure 4.2, the waveform pattern between species varies sig-
nificantly. Both the height of the peaks and the time delay between the waveforms 
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is considerably different, reflecting the strong birefringence and diattenuation of the 
samples. It is interesting to note the differences between hardwoods and softwoods. 
For hardwoods, the parallel and perpendicularly polarized waveforms have roughly 
the same peak signal value, where for softwoods, this peak signal varies considerably, 
reflecting a stronger diattenuation, which possibly results from enhanced scattering 
due to the generally larger physical structure of softwoods. These waveforms have the 
potential to act as a spectral fingerprint in order to study species differentiation. 
There are also some similarities that can be seen in the values for the indices 
of refraction. For example, aspen, Manitoba maple, and sugar maple have indices 
of refraction and absorption coefficients that follow a very similar trend, as do fir, 
juniper, and spruce. These similarities are to be expected, as the first three samples 
are hardwoods, and the second three samples are softwoods, which would exhibit 
similar properties. It is seen that there is a large birefringence in all the species of 
wood studied, in the range of An > 0.05 for indices of refraction on the order of 1.3 
which is extremely large. 
The birefringence of these ten species is calculated and the variability in birefrin-
gence between species is investigated next. The birefringence is taken as the average 
difference between the index of refraction with the THz field polarized parallel and 
perpendicular to the visible grain over the frequency range of 0.1 to 0.4 THz. This 
frequency range is used so that all of the samples could be compared, and those 
samples with larger absorption coefficients produce unreliable results for frequencies 
above around 0.5 THz, as a result of the limited power available from the T-Ray 2000 
system at higher frequencies, and the stronger absorption at higher frequencies. 
These results are plotted in Figure 4.3 and tabulated in Table 4.1. In Figure 4.3, 
the results are split into hardwoods on the left, and softwoods on the right, with an 
average for each plotted. It can be seen that overall, softwoods exhibit a higher bire-
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Figure 4.2: THz waveforms of 11 species of wood 
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Figure 4.3: Comparison of birefringence between species. The error in birefringence 
is between 0 and 0.0002, and is illustrated by the point at the top of the bars. 
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fringence than hardwoods, which is illustrated by the average. The birefringence seen 
here could be due to intrinsic birefringence, caused by the dielectric properties of the 
wood material itself, or form birefringence, caused by the repetitive porous structure 
of solid wood. The wood material is made up of hemicellulose, cellulose, lignin, and 
other extractives. The distribution of cellulose and hemicellulose usually does not 
vary greatly between different species of wood, but lignin content tends to be slightly 
higher in softwoods. Extractives vary considerably within and between species, but 
only tends to make up 10% or less of the total volume of wood [32]. Based on this, 
the intrinsic birefringence should not vary considerably between species. Softwoods 
and hardwoods do have a considerably different pore structure, which can be seen 
in Figures 2.3 and 2.4. Since hardwoods have more types of cells present, they have 
a less-ordered overall structure than softwoods. It could therefore be expected that 
softwoods would exhibit more form birefringence than softwoods. Experimentally, 
softwoods overall have a higher birefringence than hardwoods. This would therefore 
suggest that form birefringence may be the dominant mechanism in birefringence from 
wood at THz frequencies. It is important to note that this is a qualitative, and in or-
der to actually quantify the contributions from intrinsic and form birefringence, more 
work would need to be done, which is the subject of Chapter 6. 
The variability in birefringence within species was also investigated. Aspen, maple, 
white oak, fir, and spruce were studied in detail using between 50 and 100 samples. 
The results are plotted as histograms for each species to show the distribution of 
the birefringence throughout the samples, which can be seen in Figures 4.4-4.9. The 
figures show a relatively large variability within all of the species, which may limit the 
value of using birefringence methods alone to distinguish between species of wood. 
These samples were taken from multiple trees, and represent the distribution likely 
to be found in a mixture of wood. As a comparison, the results for 5 samples of 
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Figure 4.4: 85 dry aspen samples were analyzed. The distribution of birefringence 
within aspen was seen to be An = 0.079 ± 0.016. 
spruce cut from the same log gave an average birefringence of 0.07 with a standard 
deviation of 0.01, which is a substantially tighter distribution, which is to be expected 
when the samples are physically from the same tree. Generally speaking, one would 
expect the distribution of birefringence within any given species to follow a Gaussian 
distribution, as seen in aspen, spruce, and white oak, although this is not always the 
case. Both red oak and fir have deviations from the typical Gaussian distribution, 
although do follow the main trend. The main discrepancy is seen in the distribution 
of maple. This could be due to a more complex structure within maple than the 
other species investigated, or it could result from variation in composition within the 
samples themselves. 
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Figure 4.5: 91 dry fir samples were analyzed. The distribution of birefringence within 
fir was seen to be An = 0.130 ± 0.019. 
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Figure 4.6: 38 dry maple samples were analyzed. The distribution of birefringence 
within maple was seen to be An = 0.063 ± 0.011. 
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Figure 4.7: 82 dry spruce samples were analyzed. The distribution of birefringence 
within spruce was seen to be An = 0.100 ± 0.026. 
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Figure 4.8: 48 dry red oak samples were analyzed. The distribution of birefringence 
within red oak was seen to be An = 0.077 ± 0.018. 
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Figure 4.9: 61 white oak samples with 0-1% moisture content were analyzed. The 
distribution of birefringence within white oak was seen to be An = 0.069 ± 0.023. 
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4.5 Conclusion 
In conclusion, it can be seen that birefringence does vary both within and between 
species. Due to the strong variation of birefringence within species, using the birefrin-
gence observed at THz frequencies may not be enough to differentiate between species. 
In combination with other THz data, such as the THz waveforms, it may be possi-
ble to use THz radiation for species differentiation. Furthermore, it can be observed 
that softwoods exhibit a higher birefringence than that of hardwoods, which would 
suggest that the dominant contribution of birefringence can be attributed to form 
birefringence. This notion will be investigated further in the subsequent chapters. 
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Chapter 5 
Moisture content study 
5.1 Introduction 
Wood is a hygroscopic material. When it is exposed to different atmospheric con-
ditions, such as changes in temperature or relative humidity, the moisture content 
varies according to is surroundings and comes to rest at equilibrium. Wood is very 
complex, and the equilibrium moisture content is affected by many other factors, such 
as previous drying, mechanical stress, extractives present, and the species itself. It 
is nearly impossible to predict the equilibrium moisture content at any given atmo-
spheric conditions [18], [19]. 
In the wood products industry, the effect of moisture content is important in 
the manufacturing process and the final product performance. It is therefore im-
portant to investigate the effect of moisture content on different wood properties. 
In the far-infrared portion of the electromagnetic spectrum, water absorbs strongly. 
It is expected that at these frequencies, the indices of refraction will also depend 
on the moisture content. Furthermore, it might be expected that the birefringence 
will also depend on the moisture content. To investigate this, a systematic study 
of birefringence in aspen wood is performed for samples conditioned at specific rel-
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ative humidities with varying moisture contents. These measurements were done in 
both transmission and reflection geometries. The processes of drying wood rapidly, 
at moderate to high temperatures, changes the intrinsic structure of wood [18], [32]. 
Therefore, it is also of interest to investigate the effects of the drying process used in 
OSB mills. 
5.2 Purpose and Theory 
There are a number of methods currently used for measuring the moisture content 
in wood, which include the gravimetric method, the distillation method, the Karl 
Fischer titration method, nuclear magnetic resonance, electric moisture meters, and 
applications of nuclear energy [18]. 
Gravimetric Method 
The gravimetric method is the simplest form of measuring moisture content in wood, 
and will be used for samples in this study. To determine the moisture content, a moist 
sample is weighed, then oven dried until the dry weight is obtained. The dry-basis 
moisture content is then calculated using equation 2.1. This method may not be 
exact because other components (volatile extractives) may evaporate during drying, 
although it does provide a close approximation [18]. 
Distillation Method 
To prevent these other components from evaporating, the distillation method could be 
used. The wood is heated in a distillation apparatus that contains a water-immiscible 
liquid, which could act as a solvent for the extractive compounds. This tends to give 
more accurate results than the gravimetric method, although it still does not provide 
an exact moisture content value [18]. 
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Karl Fischer Titration Method 
The Karl Fischer titration method is particularly useful for material that contains 
volatile extractives. The water content is measured by titration, using the Karl Fis-
cher reagent, which consists of a solution of pyradine, sulfur dioxide, and iodine in 
methanol. It works extremely well for moisture measurements on liquids or solids in 
particulate form, but is not practical for use on large wood samples, or those with 
high moisture contents [18]. 
Nuclear Magnetic Resonance (NMR) 
NMR is another form of moisture content analysis which can be performed on wood. 
It is based on the fact that the nucleus on each hydrogen atom in water is a magnetic 
dipole, which is due to its characteristic spin. When water is subject to an external 
static magnetic field, the magnetic dipole precesses about the direction of the field 
with a frequency that is proportional to this magnitude. While NMR does effectively 
monitor moisture content, significant analysis needs to be done in order to extract the 
moisture content values [18]. 
Electrical Moisture Meters 
Electrical moisture meters are nondestructive, and provide essentially instantaneous 
moisture measurements. These measurements can be conducted using a resistance 
meter, which measures the DC electrical resistance, or using a dielectric moisture 
meter, which measures some function of the complex dielectric constant or electrical 
permittivity of the wood by using AC techniques at frequencies ranging from audio 
through to the microwave range. These meters do work well, although they require 
knowledge of certain electrical properties of wood [18]. 
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Nuclear Energy 
Finally, nuclear energy can be used to monitor the moisture content in wood. This 
type of measurement involves two types of radiation simultaneously. High-energy neu-
trons ("fast" neutrons) are generated and directed into the material to be measured. 
Some of these neutrons lose the majority of their energy to the material and become 
"slow" neutrons. Hydrogen is extremely effective in absorbing energy from neutrons, 
and therefore the moisture present in the material has a large effect on the number 
of "slow" neutrons that are detected. Not only are there health concerns with using 
nuclear energy, but due to the fact that dry wood contains hydrogen as well, the 
detectors have to be calibrated to account for this background [18]. 
As these methods all have drawbacks, and none of them are particularly suited 
for industrial use, it could be useful to find new methods of moisture content study 
that can be used in-line in the manufacturing process. The determination of moisture 
content during the manufacturing process would allow efficient quality control of the 
final product due to moisture content, as well as the most efficient drying procedures 
during the manufacturing process. 
Moisture content in wood is extremely complicated, as it depends on many dif-
ferent factors, such as previous drying, mechanical stress, extractives present, and 
the species itself. Because of this, the equilibrium moisture content cannot be effec-
tively predicted for given atmospheric conditions, including the relative humidity of 
its surroundings. Wood that has been freshly harvested, and not previously dried 
is considered to be "green". At any given relative humidity, the equilibrium mois-
ture content is generally the highest during the initial desorption from "green" wood. 
When the wood is re-wetted, and adsorption occurs, the equilibrium moisture content 
at a given relative humidity will never be as high, as during desorption, and more-so 
during initial desorption. To clarify, a higher equilibrium moisture content is reached 
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at a specific relative humidity when the equilibrium is approached by desorption than 
when it is reached by adsorption. This difference in the equilibrium moisture moisture 
content at certain relative humidities is called hysteresis (Figure 5.4, page 76), which 
can be expressed as the ratio of the adsorption equilibrium moisture content (A) to 
the desorption equilibrium moisture content (D) at a given relative humidity. Gen-
erally, wood-water interaction is treated by classical thermodynamics, although the 
system is not reversible shown by hysteresis, and so the application of thermodynamic 
equations to these interactions are only close approximations, and should be treated 
cautiously [18], [32]. 
There are two different types of water present in saturated wood: free water and 
bound water. The free water is the water that is present within the lumens of tracheids 
(softwood) and vessels (hardwood) within wood, whereas bound water is the water 
that is held in the cell walls. Both types of water are only present in "green" wood, 
or wood that is saturated by submersion, as opposed to humid conditions. The point 
where only bound water exists is referred to as the fibre saturation point, which can be 
defined as the equilibrium moisture content of a wood sample in a humid environment 
of 99% relative humidity. For most species, the fibre saturation point has a dry-basis 
equilibrium moisture content of 30-32%. The bound water present in wood is what 
this moisture content study is based on [18], [32]. 
Sorption properties are influenced by the structure or state of a solid, whether the 
solid exists as a crystalline or amorphous substance. Crystalline materials consist of 
an ordered molecular lattice, and with the exception of crystal defects, the surface 
of a crystal is fiat; water primarily interacts with the polar groups on a crystalline 
surface. Amorphous materials lack the molecular order that is seen in crystals, but 
can exist in two different states: the glassy state and the rubbery state. Conversion 
between these two amorphous states can occur by changing the temperature, or by 
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adding different plasticizers with low molecular weight, such as water. Amorphous 
material holds more water than crystalline material because amorphous materials can 
hydrogen-bond water internally, not just on the surface like crystalline materials [33]. 
The hygroscopicity of wood results from the bound water, or the water contained in 
the hemicellulose and cellulose mostly, with a lesser contribution from the lignin. The 
distribution of these components does not vary greatly between different species of 
wood, although the lignin content tends to be higher in softwoods. The hemicellulose 
and cellulose combined content, which dominate the hygroscopic properties, is fairly 
uniform at about 70% of the total volume of wood. Thus large differences in sorp-
tive behaviour between species are not expected, but small differences will likely be 
seen [32]. 
Because this study is based on bound water within the wood, it might be expected 
that any affect on the birefringence seen in wood at THz frequencies would suggest 
that form birefringence is the dominant contribution. As the water molecules only 
bond to the surface of the crystalline cellulose, the addition of water should not change 
the structure of the cellulose, and therefore should not affect the intrinsic birefringence. 
On the contrary, the lumens of the cell should still be free of water, but the effective 
refractive index of the wet cell wall would be higher than the dry cell wall due to 
the water content. It would therefore be expected that the form birefringence would 
change with moisture content. 
Another important aspect to consider with respect to moisture content is the 
effect of drying on the wood structure. Drying wood can affect the internal struc-
ture. This can be seen by the hysteresis present between desorption and adsorption 
isotherm curves [18], [32]. Another property that can occur when drying wood is the 
phenomenon referred to as collapse. Collapse generally occurs during drying from 
moisture contents above the fibre saturation point, and refers to the physical flatten-
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ing of fibres which is induced by the internal surface tension that is generated when 
water is removed from wood lumens that were initially saturated. Collapse occurs 
most often when wood with low densities and higher moisture content is dried at 
moderate to high temperatures. This is because the rate of loss of strength in the 
cell wall is greater than the decline in the capillary tension due to the reduction of 
the surface tension. Collapse does not tend to happen at low temperatures because 
the rigidity of the cell wall is maintained, and able to counter the capillary forces 
present. It is important to note that the collapse referred to here can be reversed 
by rehydrating the samples. Due to this reversing effect, at moisture content values 
above around 15% there should be no gross affect seen on the wood [32]. Based on 
the drying process used in OSB mills, collapse should be minimal, if observed at all. 
Drying processes can affect both the internal wood structure, as well as the gross 
fibre structure in wood [32]. Due to this, it would be expected that there would be 
a difference in birefringence observed between green and dried wood. Any changes 
to the internal wood structure would affect the intrinsic birefringence observed, and 
any collapse occurring would affect the form birefringence observed. As collapse is 
reversed during re-sorption at approximately 15% moisture content, large variation in 
the birefringence occurring only below this moisture content would suggest that form 
birefringence dominates, and collapse did occur. If there is a large variation in the 
birefringence occurring at all moisture contents, the internal structure of the wood 
cell wall material could have changed, and this would suggest that intrinsic birefrin-
gence dominates. The comparison between the transmission and reflection data will 
also imply where the birefringence is coming from, although it will be thoroughly 
investigated in Chapter 6. 
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5.3 Method 
5.3.1 Sample Preparation 
For this study, trembling aspen (Populus tremuloides) flakes were obtained from CAN-
FOR's PolarBoard OSB plant in Fort Nelson, British Columbia. There were two 
groups of aspen flakes: green (freshly cut from the stand and flaked) and dried (oven 
dried flake), which were obtained from the OSB process at two different points in the 
operation (before and after the driers). 
These flakes were conditioned in a steady humid environment to specific moisture 
contents using desiccators filled with various saturated salt solutions. The salts used to 
obtain each specific relative humidity (H) were: anhydrous calcium sulfate (Drierite®, 
H=0%); lithium chloride (LiCl, H=22%); calcium chloride (CaCl2, H=35%); sodium 
dichromate (Na2Cr307-2H20, H=51%); sodium nitrite (NaN02 , H=71%); ammonium 
chloride (NH4C1, H=84%); and sodium sulfate anhydrous (Na2SP4, H=92%). In each 
desiccator, a stir bar was added to the salt solution to ensure a stable humidity. The 
relative humidity in each desiccator was measured regularly during the conditioning 
process and remained accurate to the nearest 0.1%. These samples were monitored 
daily, in order to determine the equilibrium moisture content. To do this, each sample 
was briefly removed from the desiccator and weighed as quickly as possible on a 
digital scale (± 0.01 g), as to maintain the relative humidity in each desiccator. The 
equilibrium value of the sample was taken as the moisture content when the mass 
remained constant for a minimum of 48 hours. All of these measurements were done at 
constant room temperature 22 ± 2°C. The samples were refrigerated and transported 
on ice in order to preserve the stable moisture contents. 
The flakes used in this study were extremely thin, and samples were chosen such 
that the visible wood grain was in the plane of the flakes and parallel to one edge, 
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which is similar to Figure 3.1. The thickness of the flakes were measured at four 
different locations on the sample, using digital calipers, and the average thickness was 
taken, in order to account for any anomalies. 
When the measurements were taken, the samples were trimmed down to fit in the 
sample holder, and the mass was again taken to an accuracy of 0.01 grams. These 
samples were then dried in an oven at 103 ± 2° for 48 hours to remove the water from 
them, and the dry-basis moisture content was calculated using equation 2.1. 
5.3.2 Experiment 
The experimental procedures were carried out using the T-Ray 2000 Research Appli-
cation and Development System at the Picometrix facility, in Ann Arbor, Michigan, 
United States. The T-Ray 2000 is a research device that is suited for spectroscopy 
and imaging from 0.02 to 3.0 THz. The T-Ray 2000 system has a 100 femtosecond 
optical laser source with an 80 megahertz repetition rate to drive a photoconductive 
emitter and detector. 
Using the T-Ray 2000, both transmission (Figure 5.1) and reflection (Figure 5.2) 
geometries were used to perform spectroscopy on the samples of wood. For both 
geometries, the THz pulses were passed through, or reflected off of the samples with 
a horizontal polarization. The reflected or transmitted THz fields were detected with 
the sensitivity axis of the photoconductive detector being horizontal. For the purposes 
of extracting the birefringence of the samples, the two orientations of the samples used 
were with the visible grain parallel and perpendicular to the THz field (0° and 90° in 
Figure 3.1, respectively). 
For transmission spectroscopy, the reference signal was obtained by removing the 
wood samples from the THz beam path. For the case of reflection spectroscopy, the 
samples were held in place in a spring loaded mount, and the repositioning accuracy 
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Figure 5.1: The transmission configuration used in this study consists of an emitter 
and detector in line with one another, with the wood sample in between. The Teflon 
lens was used to narrow the beam so that it is only transmitted through the sample, 
and does not diffract around the edge. The sample holder used was circular and had 
an angular scale to allow easy and accurate rotation. 
e 
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Figure 5.2: The reflection configuration used in this study consists of an emitter and 
detector perpendicular to one another, with the sample holder at a 45 degree angle. 
A gold mirror was used to provide a reference signal at the same angle as the sample. 
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of inserting different samples was within 10 jtim. The reference signal for the reflection 
spectroscopy was obtained by inserting an un-coated gold mirror into the spring loaded 
mount, and taking into account the phase shift introduced by the gold mirror. For 
the case of reflection, a background signal was obtained with the sample holder in 
place, with no sample, to allow the THz pulse being reflected from the sample holder 
to be measured. 
5.3.3 Analysis 
The data was truncated and analyzed in the transmission and reflection configura-
tions as outlined in Section 2.3.2. Using these methods, the parallel and perpendicular 
indices of refraction and absorption coefficients were determined for all of the sam-
ples. The birefringence was calculated as the difference between the parallel and 
perpendicular indices of refraction. 
Furthermore, a theoretical form birefringence approximation as a function of mois-
ture content will be determined in order to validate the conclusions. To do this, first 
the effective refractive index of the cell walls as a function of moisture content will 
be determined using the Lorentz-Lorenz relation. The Lorentz-Lorenz relation is the 
most frequently used mixing rule for analyzing the refractive index and for a mixture 
of two materials and is of the form: 
where n^ is the effective refractive index of the mixture of two materials, ni , and n^ 
are the refractive indices of materials 1 and 2, and / i , and j ^ a r e the volume fractions 
of materials 1 and 2 [34]. This method does assume even mixing of the materials, 
which is not the case for water in wood, but does provide a close approximation and 
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can easily be extended to three materials: 
y}2 1 2 i ^-.2 i ^.2 1 
eff _ r "cwm *- , f "'air L . e "-water -*- (r Q\ 
„2 ,r,-Jcwm o , o ^ J^r 2 , o "+" /water
 2 , o ' 1 ° - ^ 
e/ / "ram ^ ^ "air ^ ^ "water < * 
where neff is the effective refractive index of the cell wall with respect to moisture 
content, n^m, nair, and nwater are the refractive indices of the cell wall material 
(cellulose, hemicellulose, and lignin), air, and water, respectively, and fcwm, fair, and 
fwater are the volume fractions of the cell wall material, air, and water, respectively. 
The refractive indices of the cell wall material, air, and water are known, and the 
volume fractions within the cell wall need to be calculated. The refractive index of 
cellulose is reported as 1.4 [35], and the refractive index of air is close to 1. The 
complex refractive index of water at a frequency of 0.1 THz is 2.5+il.91, which was 
taken from an experimentally measured complex index of refraction [36]. 
For dry wood, at 0% moisture content, the mass of the cell wall material and 
the mass of the air inside have to add up to the total mass of the wood: Mwood — 
Mcwm + Mair. As the mass of the cell wall material and the mass of the air inside the 
wood are not known, the simplest way to evaluate the volume fractions is to look at 
the density, simply by dividing all three terms by the volume (V): 
"'-wood "'cwm , "'air /r- o\ 
where Mwooa; M^m, and Mair are the masses of the entire sample of wood, the cell 
wall material, and the air inside the sample, and V is the volume of the entire sample. 
In order to apply the known densities of the materials, the cell wall material term can 
be multiplied by |poo-, and the air term can be multiplied by ^•iL, where Vcwm is the 
volume of the cell wall material, and Vair is the volume of the air. This then gives the 
equation ^f^ = f ™ ^ 1 + M ^ ^ ; where ^f^ is defined as the density of wood 
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(aspen in this case), J j^"" n is the density of the cell wall material, -y3^ is the density 
of air, ^ ^ is the volume fraction of the cell wall material, and ^ F is the volume 
fraction of air inside the sample. This equation reduces to: 
Paspen = = •*''cwmPcwm < fair Pair i v" ./ 
where the density of aspen (paSpen) w a s measured to be 0.4875 g/cm3, the density 
of the cell wall material (pcwm) is between 1.4 and 1.5 g/cm3 [37], the density of air 
is known to be 0.0012 g/cm3 at 20°C [38], and the volume fractions of the cell wall 
material ( i 7 ^ ^ and the air inside the sample (Fair) have to add to 1. Knowing this, 
the volume fractions can be calculated to be: 
7-, Paspen Pair ,r ~\ 
" cwm — j v"-*-"/ 
Pcwm Pair 
T-I Paspen Pcwm ir n\ 
Pair = , (5.6) 
which are determined to be j c w m — 0.35 and fair ~ 0.65. 
This same method of determining the volume fractions of cell wall material, air, 
and water can be applied to the wet wood as well. For wet wood, the mass of the cell 
wall material, the mass of the air inside the sample, and the mass of the water present 
have to add up to the total mass of the wet wood: Mwet-wood = ^-cwm + Mair + Mwater. 
As was done above for the dry wood, this can be written in terms of density. While the 
density of dry aspen is known, the density of wet aspen still needs to be determined. In 
order to do this, a relation for the volume of wood needs to be determined. Assuming 
no shrinkage or swelling the volume for the dry sample will be equal to that of the wet 
sample: V = Mmssi. The density of wet wood can then be written as M™«-«™><«-*»pen, 
r
 Paspen J Mdry 
Furthermore, the mass of wet wood can be written as the sum of the mass of dry 
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wood and the water: Mmet-WOod — MW00d + Mwater. Using this, the density of the 
wet wood can then be written as: pWet-wood = ( l + M^^t- J paspen- But the moisture 
content of the sample can be written as: MC = M^-^d-Mwood _ T W ^ . U g . t h i 
* Mwood Mwood o ' 
the density of wet wood can be written as: pwet-wood = (1 + MC)paspen. The equation 
can then be written as: 
^1 + NlKj )p'aspen = r' cwmPcwm ' *'airPair t " water Pwater • [O.l ) 
where the density of aspen (paspen) is known to be 0.4875 g/cm3, the density of the 
cell wall material (pcwm) is known to be 1.5 g/cm3, the density of air is known to be 
0.0012 g/cm3, the density of water (pwater) is known to be 1.0 g/cm3 [38], the moisture 
content (MC) can range from 0 to 30% (0-0.30), and the volume fractions of the cell 
wall material (Fawn), the air inside the sample (Fair), and the water inside the sample 
{FWater) have to add to 1. Furthermore, assuming that the swelling and shrinkage that 
takes place as wood adsorbs and desorbs moisture is minimal, the volume fraction of 
the cell wall material in the wet wood will be the same as that in the dry wood 
(~ 0.35). 
Knowing this, the volume fractions can be calculated to be: 
(1 + MC)p 
aspen rcwm\Pwater Pcwm) Pwater /r Q\ 
Fair — ~ , \p-°) 
Pair Pwater 
J-I v ' WIKJ)Paspen ' "cwm\Pair Pcwm) Pair /^ Q \ 
"water • V'^'-V 
Pwater Pair 
Furthermore, the volume fraction for air calculated above provides the volume 
fraction of air in the entire wood sample. For the purpose of the effective refractive 
index of the cell wall, the volume fraction of wood in the cell wall is necessary. To 
determine the contributions of the air from the pores, as well as from the cell wall, the 
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Figure 5.3: Microscopic image of aspen wood used to calculate the pore and cell wall 
fractions. 
volume fraction of the pores and cell walls are determined within the entire sample. To 
do this, a microscope image (Figure 5.3) was taken of the wood structure for multiple 
cross sections of the wood. Using these cross-sectional images, the volume fraction of 
the pores were calculated by measuring and summing the cross-sectional areas of all 
of the pores in the image, and then taking the ratio of that area by the total area of 
the image. The volume fraction of the cell wall was determined by subtracting the 
volume fraction of the pores from 1. The volume fractions of the pores and cell walls 
were determined to be Fpore = 0.494 and Fceu_wau — 0.506, respectively. In order 
to determine the volume fraction of the air in the cell walls, the volume fraction of 
the pores was subtracted from the total volume fraction of the air calculated above: 
Fair-cw = Fair — Fpore. These volume fractions calculated represent the volume fraction 
of the cell wall material, water, and air in the pores of the total wood sample. In order 
to find the effective refractive index, the volume fractions of each component of the 
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total cell wall needs to be observed. These volume fractions can be written as: 
p 
J cwm = -^ —^ —p , (5.10) 
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which can then be used in equation 5.2 to find the effective refractive index of the cell 
walls with respect to moisture content. 
Combining the effective refractive index of the cell wall, the volume fraction of the 
cell wall, the refractive index of air, and the volume fraction of the pores, a theoretical 
upper bound for form birefringence can be determined. To do this, the parallel and 
perpendicular refractive indices can be determined using: 
1^1 = Fceu_wauneff + Fporenair (5.13) 
n± = ~F F—. ( 5 - 1 4 ) 
^cell-wall _j_ *pore x ; 
where the form birefringence can be calculated as: 
An = n\\ — n±, (5.15) 
where n\\ is the refractive index of the wood with the grain orientation parallel to 
the polarization of the beam, n± is the refractive index of the wood with the grain 
orientation perpendicular to the polarization of the beam, Fceu_wau is the volume 
fraction of the cell wall, which is calculated to be 0.506, neff is the effective refractive 
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index of the cell wall material, as calculated by equation 5.2, Fpore is the volume 
fraction of the pores, which is calculated to be 0.494, n a j r is the refractive index of air, 
and An is the upper bound form birefringence [39]. This is an upper bound estimate, 
as it considers the idealized case of an array of particles that have the form of thin 
parallel plates, with the beam incident on the face of the plates. Furthermore, this 
model assumes that the linear dimensions of the faces are large, and the thicknesses 
and spaces between the plates are small compared to the wavelength [21]. In the case 
of wood, the repetitive cells are not in the form of plates, but instead of cylinders. 
These cylinders have length that is large compared to the wavelength, but the width 
is quite small compared to the wavelength of the incident beam. Therefore, it would 
be expected that the form birefringence seen experimentally would be smaller than 
this approximation. 
Finally, as this is only an upper bound, a more refined theoretical estimation 
should be made. Zhou and Knighton approximate the form birefringence of an array 
of parallel cylinders that represent the cellular organelles present in the retinal nerve 
fiber layer [40]. Based on the fact that wood structure is also an array of parallel 
cylindrical cells, this method will provide a more refined estimation for the form 
birefringence seen. To do this, the parallel and perpendicular refractive indices can 
be determined using: 
n\ = Fporen2air + Fceli_walln2eff (5.16) 
"pore^air r \i- ~r f cell— 
waii)n2effn2 
Fporeneff + (1 + Fceii-.vaifin] 
2 _ ^ pore'"air > \*- > * ceu-wauj'"eff"'Mr (KT7\ 
air 
where the form birefringence can be calculated as: 
An = ra||-nx, (5.18) 
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where n\\ is the refractive index of the wood with the grain orientation parallel to the 
polarization of the beam, n± is the refractive index of the wood with the grain orien-
tation perpendicular to the polarization of the beam, Fceu_wau is the volume fraction 
of the cell wall, which is calculated to be 0.506, n e / / is the effective refractive index of 
the cell wall material, as calculated by equation 5.2, Fpore is the volume fraction of the 
pores, which is calculated to be 0.494, nair is the refractive index of air, and An is the 
upper bound form birefringence. This model applies for fibrils of arbitrary refractive 
index and fibril diameter and spacing small relative to the wavelength. Furthermore, 
it can be used for either the case where the volume fractions of the fibrils are small 
or large, by simply reversing the subscripts in the calculations [40]. For the case of 
wood, the volume fractions of the pores and cell walls are large (~50% each). Fur-
thermore, as this model describes fibrils in a surrounding medium, and wood cells are 
comparable to cylindrical shells, the pores were modeled as the fibrils, with the wood 
cell wall material modeled as the surrounding medium, and this change is represented 
in the equations above. 
5.4 Results 
Aspen wood flakes were conditioned at various relative humidities, in order to obtain 
various moisture contents, at room temperature. A sorption isotherm graph can 
be plotted in order to demonstrate the hysteresis effects discussed above, as well 
as illustrate the way that wood reacts to various relative humidities (Figure 5.4). 
The data was fitted to the Guggenheim-Anderson-deBoer (GAB) sorption isotherm 
model [41]. 
A systematic study of birefringence in aspen wood is performed for samples con-
ditioned at specific relative humidities with varying moisture contents. These mea-
surements were done in both transmission and reflection geometries. The indices 
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Figure 5.4: Aspen wood flakes were conditioned in specific relative humidities to vary 
the moisture contents. The dried aspen flakes were used for adsorption, represented 
by the hollow circles, and the green aspen flakes were used for desorption, repre-
sented by the solid circles. The data was fitted using the GAB model, with the thin 
line representing the non-linear regression of the desorption data, and the thick line 
representing the non-linear regression of the adsorption data. 
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of refraction are correlated with moisture content for the green flakes in transmis-
sion (Figure 5.5), dried flakes in transmission (Figure 5.6), averages of all flakes in 
transmission (Figure 5.7), and averages of all flakes in reflection (Figure 5.8). For Fig-
ures 5.7 and 5.8, the refractive index values of both types of samples were averaged 
in order to provide more accurate averages for the data. Figures 5.5 and 5.6 are also 
included to show variation that could be attributed to the rapid drying process, as 
seen in OSB mills. 
It can be seen that the birefringence does appear to have a small dependence on 
moisture content, as the slopes of the refractive index vs. moisture content curves for 
the parallel and perpendicular configurations have a slightly different values. For the 
transmission case, the data sets were analyzed separately for the two types of wood 
(green and dried), in order to illustrate variation that could be attributed to the rapid 
drying process, as well as combined, in order to provide more accurate averages. 
For green aspen in transmission, using a linear regression fitting technique, while 
ignoring the anomaly present at around 9% moisture content, the slope of the parallel 
orientation was determined to be 0.0060 ± 0.001 (R2 = 0.8695), and the slope for 
the perpendicular orientation was determined to be 0.0043 ± 0.001 (R2 = 0.5251). 
For dried aspen in transmission, using a linear regression fitting technique, while 
ignoring the anomaly present at around 11% moisture content, the slope of the parallel 
orientation was determined to be 0.0079 ± 0.001 (R2 = 0.5154), and the slope for the 
perpendicular orientation was determined to be 0.0066 ± 0.001 (R2 = 0.6623). These 
anomalies occurring at moisture contents between 9 and 12% are typically present in 
all moisture studies of wood. While there are theories present, the cause of them is still 
not entirely understood*. It is interesting to note that the slopes for refractive index 
versus moisture content vary between the green and dried aspen wood, although the 
birefringence values are equal within error (Figure 5.9). As it is well known that the 
*As per conversation with Dr. Ian Hartley, 2009 
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Figure 5.5: Terahertz transmission spectroscopy was performed on green aspen sam-
ples (thickness between 0.5 and 1.3 mm) conditioned at 0, 22, 35, 51, 71, 84, and 
92% relative humidity in order to evaluate the dependence of the indices of refraction 
from variation in moisture content. The indices of refraction from a grain orientation 
parallel to the THz polarization (solid circles) and from a grain orientation perpendic-
ular to the THz polarization (hollow circles). Linear regression fitting techniques were 
performed on each index of refraction, while ignoring the anomaly occurring around 
9% moisture content. For the grain orientation parallel to the THz polarization (black 
dashed line), the slope was determined to be 0.006 with R2=0.8695. For the grain 
orientation perpendicular to the THz polarization (black solid line), the slope was 
determined to be 0.0043 with R2=0.5251. The theoretical index of refractions were 
also plotted using the Zhou model, with the grey dashed line representing n\\ and the 
grey solid line representing n_i_. At 0% moisture content, it would be expected that the 
theoretical refractive index values should be between the experimental values. The 
theoretical values were calculated using volume fractions and densities of previously 
dried wood, which could account for this. 
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Figure 5.6: Terahertz transmission spectroscopy was performed on dried aspen sam-
ples (thickness between 0.5 and 1.3 mm) conditioned at 0, 22, 35, 51, 71, 84, and 
92% relative humidity in order to evaluate the dependence of the indices of refraction 
from variation in moisture content. The indices of refraction from a grain orientation 
parallel to the THz polarization (solid circles) and from a grain orientation perpen-
dicular to the THz polarization (hollow circles). Linear regression fitting techniques 
were performed on each index of refraction, while ignoring the anomaly occurring 
around 11% moisture content. For the grain orientation parallel to the THz polar-
ization (dashed line), the slope was determined to be 0.0079 with R2=0.5154. For 
the grain orientation perpendicular to the THz polarization (solid line), the slope was 
determined to be 0.0066 with R2=0.6623. The theoretical index of refractions were 
also plotted using the Zhou model, with the grey dashed line representing n\\ and the 
grey solid line representing n±. 
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Figure 5.7: Terahertz transmission spectroscopy was performed on a both green and 
dried aspen samples (thickness between 0.5 and 1.3 mm) conditioned at 0, 22, 35, 
51, 71, 84, and 92% relative humidity in order to evaluate the dependence of the 
indices of refraction from variation in moisture content. The indices of refraction 
from a grain orientation parallel to the THz polarization (solid circles) and from 
a grain orientation perpendicular to the THz polarization (hollow circles). Linear 
regression fitting techniques were performed on each index of refraction, while ignoring 
the anomaly occurring around 11% moisture content. For the grain orientation parallel 
to the THz polarization (dashed line), the slope was determined to be 0.0071 with 
R2=0.8926. For the grain orientation perpendicular to the THz polarization (solid 
line), the slope was determined to be 0.0059 with R2=0.8342. The theoretical index 
of refractions were also plotted using the Zhou model, with the grey dashed line 
representing nn and the grey solid line representing n±. 
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Figure 5.8: Terahertz reflection spectroscopy was performed on aspen samples (thick-
ness between 0.5 and 1.3 mm) conditioned at 0, 22, 35, 51, 71, 84, and 92% relative 
humidity in order to evaluate the dependence of the indices of refraction from varia-
tion in moisture content. The indices of refraction from a grain orientation parallel to 
the THz polarization (solid circles) and from a grain orientation perpendicular to the 
THz polarization (hollow circles). The index of refraction from a grain orientation 
parallel to the THz polarization from transmission is also plotted (short-dashed line) 
in order to compare transmission and reflection spectroscopy. 
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process of drying wood rapidly, at high temperatures, can change the internal wood 
structure substantially [17], this could suggest either that the birefringence observed 
can be attributed primarily to form birefringence, or the drying process implemented 
in OSB mills does not significantly change the internal wood structure. 
For the transmission case with the combined wood, using a linear regression fitting 
technique, while ignoring the anomaly around 11% moisture content, the slope of the 
parallel orientation was determined to be 0.0071 ± 0.001 (R2 = 0.8926), and the slope 
for the perpendicular orientation was determined to be 0.0059 ± 0.001 (R2 = 0.8342). 
As the slopes for the parallel and perpendicular configurations do vary, it would sug-
gest that the birefringence observed has a very small dependence on moisture content. 
The birefringence values can be calculated and are shown in Figure 5.10. Any de-
pendence of the birefringence on moisture content is small, and with the substantial 
amount of error, the actual dependence of birefringence on moisture content is incon-
clusive. Therefore, a horizontal line is fitted to the experimental data in Figure 5.10. 
The birefringence does not appear to depend on moisture content suggests that the 
birefringence observed in these aspen samples can be attributed primarily to intrinsic 
birefringence. 
In order to validate the assertion above, an upper bound approximation of the 
form birefringence can be found. To do this, first the effective refractive index for the 
wet wood with respect to moisture content is determined using the Lorentz-Lorenz 
relation, as described in equation 5.2. Using this value, the upper bound parallel 
and perpendicular indices of refraction and form birefringence can be calculated from 
equations 5.13, and 5.15. This upper bound approximation is plotted as a function 
of moisture content in Figure 5.10 as the long dashed line. It can be seen (Fig-
ure 5.10) that the experimental birefringence is considerably higher than the upper 
bound calculated. The error bars are very large relative to the birefringence data, 
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Figure 5.9: Terahertz transmission spectroscopy was performed on green and dried 
aspen samples (thickness between 0.5 and 1.3 mm) conditioned at 0, 22, 35, 51, 71, 
84, and 92% relative humidity in order to evaluate the dependence of the birefringence 
from variation in moisture content. The birefringence as a function of moisture content 
for green and dried aspen wood are plotted, where the solid circles represent the 
green aspen data, the hollow circles represent the dried aspen data, the dashed line 
represents a linear regression plot of the green aspen data, and the solid line represents 
a linear regression plot of the dried aspen data. 
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Figure 5.10: Terahertz transmission spectroscopy was performed on green and dried 
aspen samples (thickness between 0.5 and 1.3 mm) conditioned at 0, 22, 35, 51, 71, 
84, and 92% relative humidity in order to evaluate the dependence of the birefringence 
on moisture content. The birefringence as a function of moisture content for a com-
bination of green and dried aspen wood is plotted, where the solid circles represent 
the transmission THz data, the short dashed line represents a horizontal linear fit to 
the data, the long dashed line represents an upper bound approximation for the form 
birefringence [39], and the solid line represents a theoretical approximation for the 
form birefringence [40]. 
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but it is important to note, that relative to the refractive indices, the error bars are 
much smaller and much more reasonable. Furthermore, the upper bound theoretical 
birefringence seems to depend heavily on the moisture content, while as can be seen 
in Figure 5.10 by the horizontal line, the experimental data does not depend on the 
moisture content. These observations suggest that the birefringence observed in these 
aspen samples can be attributed primarily to intrinsic birefringence, although a more 
reasonable approximation needs to be made. 
In order to refine the theoretical form birefringence, an approximation made by 
Zhou and Knighton for an array of parallel cylindrical cells can be used [40]. The 
effective refractive index for the wet wood with respect to the moisture content is de-
termined, as described in equation 5.2. Using this value, the parallel and perpendicular 
indices of refraction can be calculated from equation 5.16, with the approximation of 
the form birefringence being calculated from equation 5.18. This theoretical approx-
imation is plotted as a function of moisture content in Figure 5.10 as the solid line. 
It can be seen (Figure 5.10) that this approximation for form birefringence is lower 
than the upper bound (presented as the long dashed line) as expected, and is therefore 
considered a more realistic estimation. The experimental birefringence is considerably 
higher than this theoretical estimation of the form birefringence. Furthermore, based 
on the curve of this line, the form birefringence should depend heavily on moisture 
content. As the experimental data, and the horizontal fit to it, show, the experimen-
tal birefringence seen does not depend on moisture content much, if at all. With the 
large errors, it is difficult to determine if there is a direct dependence on moisture 
content, but as was illustrated by the refractive index plot (Figure 5.7), the slopes 
of the parallel and perpendicular refractive index values vary only slightly. These 
observations suggest that the birefringence observed in these aspen samples can be 
attributed primarily to intrinsic birefringence, and therefore, form birefringence plays 
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little role in the birefringence observed in the aspen samples. 
For the reflection case, the indices of refraction for polarizations parallel and per-
pendicular to the visible grain appear to be the same within the error bars on the 
measurements. While it is not possible to determine a difference in the indices of 
refraction for the two polarizations in reflection due to the relatively large error, it 
is possible that a difference exists. Within error, it can be seen that the average 
birefringence in reflection is the same as that seen in transmission. This would there-
fore further show that the birefringence observed here is primarily due to intrinsic 
birefringence. While this does support the statements made above, this method can-
not accurately be used to determine the relative contributions of form and intrinsic 
birefringence. One reason for this is the repositioning accuracy of the samples, as it 
affects the resolution of the data. As the repositioning accuracy changes the phase 
shift present between the reference signal and the reflected signal, and the index of 
refraction depends on this phase shift, the index depends strongly on the reposition-
ing accuracy, and the phase error present leads to an associated error in the index of 
refraction. The phase error present is: y = ^f, where d is the repositioning accuracy, 
A is the wavelength of the beam, / is the frequency of the beam, and c is the speed of 
light. Setting a maximum tolerance limit as 20%, and knowing that the repositioning 
accuracy seen here was approximately 10 //m, the maximum frequency is calculated 
for a reliable estimation of the refractive index to be ~260 GHz. As this limits the 
usable frequency range, it is not possible to extract reliable estimates for the refractive 
index from the data collected. Furthermore, the effective reflected depth for wood is 
not known. The effective reflected depth illustrates the depth of penetration of the 
THz wave into the wood sample. As it is on the order of a wavelength, it is important 
to note that the THz beam may be reflected from the surface of the wood, as well 
as the internal wood structure. While this method is good in theory, based on the 
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repositioning accuracy, as well as the the unknown effective reflected depth, a more 
concrete method needs to be determined. 
5.5 Conclusion 
From this study, the birefringence does not appear to depend strongly on moisture 
content, which would be consistent with a large intrinsic contribution to the birefrin-
gence. For the transmission studies, the slopes of the refractive index versus moisture 
content curves for the parallel and perpendicular configurations do vary, although the 
variation is minimal (Figure 5.7). Figure 5.10 shows that there does not appear to be 
any dependence of birefringence on the moisture content within error, although, due 
to the substantial error, the actual dependence of birefringence on moisture content 
is inconclusive. Furthermore, the theoretical form birefringence was modeled, and 
the form birefringence should depend strongly on the moisture content. These results 
therefore suggest that the dominant contribution to the birefringence in aspen wood 
is from intrinsic birefringence. 
In addition, the difference in the effect of moisture content on green aspen and 
dried aspen is also compared. For the refractive index versus moisture content plots, 
the slopes of the parallel and perpendicular orientations differ between green and 
dried aspen, although the birefringence values are found to be equal within error. As 
the other results from this chapter suggest that intrinsic birefringence is the primary 
source of birefringence, and it is well known that the process of drying wood can 
change the internal wood structure, the fact that the refractive index values between 
the green and dried wood vary slightly could suggest the the internal structure of the 
wood cell wall material does change during the OSB drying process. Furthermore, 
although the birefringence values are found to be equal within error, there appears 
to be a larger variation in birefringence at lower moisture contents. As collapse can 
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occur during the drying process, but can be reversed as moisture is added back into the 
wood, these results indicate that some collapse does occur during the drying process, 
and may suggest that small contributions from form birefringence may also be seen. 
For the reflection case, the refractive index values for the parallel and perpendic-
ular configurations appear to be the same within the error bars on the measurements 
(Figure 5.8). While it is not possible to determine a difference in the refractive index 
values due to the relatively large error, it is possible that a difference could exist. 
The index of refraction from a grain orientation parallel to the THz polarization from 
transmission is also plotted (dashed line) in order to compare transmission and re-
flection spectroscopy. As can be seen in the figure, the average index of refraction 
from the reflection geometry is comparable to the index of refraction when the THz 
field is polarized parallel to the visible grain. Furthermore, within error, the average 
birefringence in reflection is equal to the average birefringence in transmission. There-
fore, it would seem that the reflection data suggests that there is no difference in the 
birefringence observed between the reflection and transmission data. As the reflection 
geometry would be primarily probing the intrinsic contribution to the birefringence, 
and it is the same as that in transmission, within error, it would suggest that in 
aspen wood, the dominant contribution to the large birefringence observed in these 
wood samples is from intrinsic birefringence. Although, this comparison between the 
reflection and transmission data is, in theory, one method to distinguish form from 
intrinsic birefringence, the re-positioning accuracy achieved in the experiments here 
is not enough to form a solid conclusion (especially at higher THz frequencies). As 
stated above, the repositioning accuracy of the samples is not high enough to provide 
conclusive results, as well as the fact that the effective reflected depth in wood is not 
exactly known, but is likely on the order of a wavelength. Based on this, the reflection 
data could be probing the internal wood structure as well. 
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The results of Chapter 4, combined with the above discussion, indicate opposing 
information regarding the source of the birefringence. Chapter 4 suggests that the 
primary contribution of birefringence seen appears to be form birefringence, and the 
above discussion for aspen suggests that the primary contribution of birefringence 
observed appears to be intrinsic birefringence. In order to quantitatively determine 
the source of the birefringence in wood, a more careful analysis is required, which 
motivates the experiment discussed in the next chapter. Interestingly enough, it will 
be determined that both observations seen are, in fact, correct, and will be further 
validated in the next chapter. 
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Chapter 6 
Origin of birefringence in wood 
6.1 Introduction 
Wood is a highly complex material. When it is illuminated by radiation with THz 
frequencies, it exhibits a strong birefringence. In the previous chapters, the variation 
of refractive index and birefringence was studied within and between species (Chap-
ter 4), as well as with respect to moisture content (Chapter 5). In Chapter 4 it was 
seen that overall, softwoods exhibit a higher birefringence than hardwoods. Since 
softwoods are much less complex than hardwoods, the size of the cells present in soft-
woods are much more consistent than those seen in hardwoods. It might therefore be 
expected that softwoods exhibit a larger form birefringence than hardwoods. Because 
softwoods exhibit a higher birefringence than hardwoods overall, it might be expected 
that the large birefringence observed in wood is predominantly form birefringence. In 
Chapter 5 it was seen that the birefringence has minimal dependence on the moisture 
content. The observed dependence of birefringence on moisture content was small, 
which suggests that the birefringence observed is predominantly intrinsic birefringence 
since form birefringence is expected to depend strongly on the moisture content. 
Based on these former observations, there is opposing information on the relative 
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contributions of the large birefringence observed in wood. This chapter outlines an 
experimental study, which will clarify the above observations, and quantify the relative 
contributions. 
6.2 Purpose and Theory 
Many substances are optically anisotropic, which means that their optical properties 
are not the same in all directions in a given sample. More specifically, a material which 
displays two different indices of refraction is said to be birefringent. This birefrin-
gence can have two different sources: intrinsic birefringence, and form birefringence. 
Intrinsic birefringence is seen in crystalline materials, and the birefringent properties 
observed can be explained in terms of the dielectric properties of the molecules which 
compose the crystal. Form birefringence can arise on a much larger scale, and occurs 
when there is an arrangement of ordered particles, whose size is large compared with 
the dimensions of the molecule, but small compared to the wavelength of the light [21]. 
Typically, the relative contributions of form and intrinsic birefringence can be 
determined experimentally. The birefringence measured is the sum of the intrinsic 
birefringence and the form birefringence. By changing the medium in which the cells 
are submersed, the contribution of form birefringence should change, while the intrin-
sic contribution should remain constant, provided that the medium being changed is 
itself isotropic. If the birefringence observed is plotted against the refractive index 
of the submersion medium, and both types of birefringence are present, there will 
be a minimum in the birefringence reached, but not a zero. Based on this idea, the 
birefringence measured would be equal to the intrinsic birefringence when the form 
birefringence is zero, which would occur when the refractive indices of the submersion 
medium and the cell wall are equal [21], [42]. 
Tissue structures in the body illustrate both types of birefringence. Specifically, 
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the retinal nerve fibre layer consists of an array of parallel cylindrical structures (cellu-
lar organelles), in a medium with a different refractive index, and it is seen to exhibit 
both intrinsic and form birefringence [43]. Due to the fact that wood structure and 
tissue structure are very similar, one might expect to see the same behaviour in wood. 
Based on the complex wood structure, there is a strong possibility of form bire-
fringence from the repetitive wood structure, and intrinsic birefringence, based on the 
crystallinity in the cell wall material. This chapter of the thesis employs the method of 
saturating the samples with materials of known refractive index, in order to determine 
the relative contributions of form and intrinsic birefringence. 
6.3 Method 
6.3.1 Sample Preparation 
For this study, Western Canadian white spruce (Picea glauca var. albertiana), Pacific 
silver fir (Abies amabilis), red oak (Quercus rubra), white oak (Quercus alba), trem-
bling aspen (Populus tremuloides), and sugar maple (Acer saccharum) were obtained 
from the local hardware store. The wood was cut into wafers that were roughly 3 mm 
thick and had a 3.8 cm by 3.8 cm square smoothly sanded surface. The surface was 
sanded to eliminate surface scattering. The samples were cut from the radial plane of 
the log, such that the visible wood grain was in the plane of the wafers and parallel 
to one edge, which can be seen in Figure 3.1. 50-100 samples of each species were cut, 
in order to obtain samples with similar THz properties. 
The samples were dried in an oven for 48 hours at 104 ± 2°C to remove excess mois-
ture. They were then stored in a desiccator of anhydrous calcium sulfate (Drierite®) 
until they were needed in order to maintain a zero moisture content. 
The thickness of the samples were measured at four different locations on the 
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sample, using digital calipers, and the average thickness was taken, in order to account 
for any anomalies. When the THz measurements were taken, three of the four corners 
of the sample were clipped off, in order to fit them into a circular sample holder, 
without allowing any of the THz signal to leak through. This circular sample holder 
allowed accurate rotation (±0.25°) of the sample. 
6.3.2 Experiment 
Spectroscopy of wood 
The experimental procedures were carried out using the Picometrix T-Ray 4000 THz 
spectrometer at Del-Tech Manufacturing Inc., in Prince George, British Columbia, 
Canada. The T-Ray 4000 is a research-grade THz spectrometer generating THz wave-
forms with 320 ps of delay at a 100 Hz repetition offering bandwidth 0.02 to 2.00 THz. 
Using this spectrometer, a transmission geometry (Figure 4.1) was used to perform 
spectroscopy on the samples of wood, as well as to perform liquid spectroscopy on 
the liquids being used. For each sample of wood, the THz pulses were passed through 
the sample with a horizontal polarization. The transmitted THz fields were detected 
with the sensitivity axis of the photoconductive detector being horizontal. For the 
purposes of extracting the birefringence of the samples, the two orientations used 
were with the visible grain parallel and perpendicular to the THz field (0° and 90° 
in Figure 3.1, respectively). For transmission spectroscopy, the reference signal was 
obtained by removing the wood sample from the THz beam path. 
Liquid Spectroscopy 
Spectroscopy on the liquids to be used in this study was also carried out using the 
Picometrix T-Ray 4000 THz spectrometer at Del-Tech Manufacturing Inc., in Prince 
George, British Columbia, Canada. Using this spectrometer, a transmission geometry 
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Figure 6.1: The transmission configuration used to perform liquid spectroscopy in this 
study consists of an emitter and detector in line with one another, with an aperture 
to narrow the beam down to a size slightly smaller than the cuvette, and the cuvette 
placed between the aperture and the detector. 
(Figure 6.1) was used. To perform the spectroscopy, a reference signal was taken with 
a cuvette in the THz beam path. In order to ensure the same alignment of the cuvette, 
the liquid was dropped in, and the THz transmission signal was taken. These signals 
were then analyzed using the techniques described below, in order to extract the 
refractive index at THz frequencies. The liquids were chosen based on having a low 
absorption in the THz frequency range (non-polar liquids), and refractive index values 
that span that of cellulose. 
Wood Saturation 
As the birefringence values vary strongly within species (Figures 4.4 to 4.9), all of 
the samples are analyzed, as described below in order to choose samples with similar 
birefringence values. That is, to reduce the variability in the birefringence of the 
samples for the purposes of this experiment. These samples were then saturated 
with various liquids using a vacuum impregnation technique [44]. The liquids chosen 
initially were hexane, lemon oil, mineral oil, olive oil, and walnut oil, although the oils 
did not fully saturate the wood, so these tests were discarded. The oils were chosen 
as they pose no health concerns. The second set of liquids chosen were hexane, 
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toluene, and quinoline. These liquids had refractive index values that span that of 
cellulose, and all had relatively low absorption at THz frequencies, with the exception 
of quinoline which absorbed rather strongly. It was necessary to use the quinoline as 
it had an index of refraction that was greater than that of cellulose. 
The samples were submerged in the liquids, under a mass, in a glass container 
inside a desiccator, which would be used as a vacuum chamber. Vacuum and atmo-
spheric conditions were alternated in 30 minute increments, until the mass stabilized, 
and the samples were saturated [44]. The samples were consistently weighed, quickly, 
at the start of the atmospheric condition interval. In order to ensure saturation, the 
volume of liquid per gram of wood absorbed was compared within species for the 
various liquids. 
6.3.3 Analysis 
The data was analyzed as outlined in Section 2.3.2. Using this method, the parallel 
and perpendicular indices of refraction and absorption coefficients were determined 
for all of the samples. The birefringence was calculated as the difference between the 
parallel and perpendicular indices of refraction. 
6.4 Results 
Polarized transmission THz-TDS was performed on hexane, toluene, and quinoline. 
The THz time-domain signals can be seen in Figure 6.2(a). Based on this figure, 
it can be seen that the quinoline absorbs the THz signal much more strongly than 
the other liquids. This makes sense, as the quinoline is the most polar of the three 
liquids used. Also, based on the phase shift between the different THz signals, it 
could be expected the the refractive index varies between the liquids. The refractive 
index values were extracted from the data, and are plotted as a function of frequency 
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Species 
An 
n,| 
n± 
Spruce 
0.100 
1.308 
1.409 
Fir 
0.129 
1.324 
1.453 
Red Oak 
0.082 
1.327 
1.410 
White Oak 
0.070 
1.423 
1.493 
Aspen 
0.079 
1.309 
1.391 
Maple 
0.060 
1.402 
1.462 
Table 6.1: Birefringence and refractive index vales for 6 species of wood. 
in Figure 6.2(b). These refractive index values are plotted in the same frequency 
range used for the wood samples. The refractive indices averaged over the frequency 
range of 0.1 to 0.4 THz are 1.378, 1.498, and 1.669 for hexane, toluene, and quinoline, 
respectively. These match literature values [45], [46], [47]. It is important to note that 
the refractive index of pure cellulose (n=1.4) [35] falls within this range. 
Polarized transmission THz-TDS was performed on 50-100 samples each of spruce, 
fir, red oak, white oak, aspen, and maple, which were reported on in Chapter 4. 
15 samples with similar refractive index were chosen for each species. The average 
refractive index and birefringence values (An = nj_ — ny) for these 15 samples are 
reported in Table 6.1. As can be seen in the table, large birefringence values were 
seen for all species looked at in this study, with the largest values reported for the 
softwoods, which agrees with the data previously presented in Chapter 4. 
Figures 6.3through 6.5 show the birefringence versus the refractive index values of 
the pore filler, the THz transmission time-domain waveforms, and optical images of the 
wood pore structure for all 6 species. The 4 points displayed in the birefringence versus 
refractive index of the pore filler plot are sample averages with air, hexane, toluene, 
and quinoline as the pore filler. The points were fitted to An = [ffnj + fwri^\2 — 
_, _i 
f f 2 
-Jz + if + Anj„t, where An is the form birefringence value, rii is the refractive 
index of material i, and ft is the fractional component of material i, and Anjn i is the 
offset due to the intrinsic birefringence observed in the cell wall material [39]. While 
this expression is an upper bound on the birefringence expected for form birefringence, 
the expression is expected to capture the trend. When the refractive index of the 
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Figure 6.2: Polarized transmission THz-TDS was performed on hexane, toluene, and 
quinoline in the same frequency range used for the wood samples. The average indices 
of refraction were 1.378, 1.498, and 1.669, which match the l i terature values. (a)The 
THz waveforms for the liquid spectroscopy performed on hexane, toluene, and quino-
line. The black line represents the reference signal, the blue line represents the hexane 
signal, the orange line represents the toluene signal, and the green line represents the 
quinoline signal. (b)THz refractive index for liquid spectroscopy performed on hexane, 
toluene, and quinoline. The blue line represents the frequency dependent refractive 
index of hexane, the orange line represents the frequency dependent refractive index 
of toluene, and the green line represents the frequency dependent refractive index of 
quinoline. 
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filler liquid matches the refractive index of the cell wall, the birefringence reaches a 
minimum, which corresponds to a residual birefringence. The residual birefringence 
is expected to result from the intrinsic birefringence of the constituents of the wood. 
For all of the species studied here, the minimum birefringence occurs at the refractive 
index value between 1.35 and 1.50, which is very close to the refractive index of pure 
cellulose, 1.4, at THz frequencies [35]. Variations between the reported value and the 
values seen experimentally result from the fact that cell walls have both crystalline 
and amorphous cellulose components, as well as other component materials. On 
average, it can be seen that approximately 50-55% of the birefringence results from 
form birefringence, with the remaining 45-50% of the birefringence resulting from 
intrinsic birefringence . This can be seen in Figure 6.3 and 6.4. This happens to 
be the case for spruce, fir, red oak, and white oak. The anomalies of this trend are 
aspen and maple. Based on the fits, aspen shows only approximately 20% of the 
contribution of birefringence resulting from form birefringence, with approximately 
80% of the contribution resulting from intrinsic birefringence, where maple shows 
the opposite trend, with approximately 60-70% of the birefringence resulting from 
form birefringence, and only 30-40% resulting from intrinsic birefringence. This can 
be seen in Figure 6.5. The anomaly presented here for aspen, further confirms the 
results presented for aspen in the moisture content study performed in Chapter 5. 
It can also be seen that the birefringence between species also varies considerably, 
which is to be expected based on the differences in the physical structure (porous 
network), as well as the differences in the amount of crystallinity and structure of the 
cellulose in the cell walls themselves. Overall, the species with similar structure, do 
tend to have similar contributions of form and intrinsic birefringence. Both spruce 
and fir are softwoods, with comparable internal structure, and the contributions of 
form and intrinsic birefringence are similar, which can be seen in Figure 6.3. This 
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can also be seen for the two different species of oak. Both red oak and white oak 
have comparable internal structures, and they also have similar contributions of form 
and intrinsic birefringence. Aspen and maple both have similar gross structures, 
although their densities vary immensely. This could account for the opposite results 
that are seen in these species, with the birefringence in aspen resulting primarily from 
the intrinsic birefringence, and the birefringence in maple resulting primarily from 
the form birefringence. Nevertheless, the complicated nature and structure of wood 
requires significantly more investigation in order to determine exactly the sources of 
intrinsic birefringence, which is reflected in the anomalous values measured for aspen 
and maple, which both tend to have a more random and complex structure than most 
of the other species investigated, with also considerably varied densities. 
6.5 Conclusion 
In conclusion, it can be seen that the strong birefringence seen in wood has both 
intrinsic and form birefringence contributions, although the relative contribution of 
each depends on the species . Based on Figures 6.3 through 6.5, it can be seen there 
are birefringence contributions seen from both form birefringence and intrinsic bire-
fringence. Furthermore, the residual birefringence, which corresponds to the intrinsic 
birefringence, occurs when the refractive index of the filler is between 1.35 and 1.50, 
which is very close to the refractive index of pure cellulose, as one would expect. Based 
on Figures 6.3 and 6.4, spruce, fir, red oak, and white oak all demonstrate slightly 
over half of the relative contribution due to form birefringence, and the remainder 
due to intrinsic birefringence from the cell wall. Based on Figure 6.5, aspen only 
demonstrates approximately a fifth of the relative contribution due to form birefrin-
gence, and the remainder due to intrinsic birefringence from the cell wall, and maple 
demonstrates a much larger contribution due to form birefringence. These results 
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suggest that the contribution of form birefringence can be seen with THz radiation, 
which would then allow THz pulses to probe the gross physical structure of the wood 
fibres. 
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Figure 6.3: Time-domain THz signal of unsaturated wood samples, where the black 
line is the transmitted THz reference signal, the orange line is the transmitted THz 
signal perpendicular to the grain, and the blue line is the transmitted THz signal par-
allel to the grain, measured birefringence as the pores are filled with liquids of varying 
refractive index (the solid line represents a best fit to the data assuming changes result 
from form birefringence [39]), and microscopic optical image of (a)spruce and (b)fir. 
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Figure 6.4: Time-domain THz signal of unsaturated wood samples, where the black 
line is the transmitted THz reference signal, the orange line is the transmitted THz 
signal perpendicular to the grain, and the blue line is the transmitted THz signal 
parallel to the grain, measured birefringence as the pores are filled with liquids of 
varying refractive index (the solid line represents a best fit to the data assuming 
changes result from form birefringence [39]), and microscopic optical image of (a)red 
oak and (b)white oak. 
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Figure 6.5: Time-domain THz signal of unsaturated wood samples, where the black 
line is the transmitted THz reference signal, the orange line is the transmitted THz 
signal perpendicular to the grain, and the blue line is the transmitted THz signal 
parallel to the grain, measured birefringence as the pores are filled with liquids of 
varying refractive index (the solid line represents a best fit to the data assuming 
changes result from form birefringence [39]), and microscopic optical image of (a)aspen 
and (b)maple. 
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Chapter 7 
Conclusion 
As previously illustrated, wood exhibits strong birefringence at THz frequencies [7], 
however, the source of this strong birefringence was unknown. The strong birefrin-
gence can be caused by either intrinsic birefringence, originating from the dielectric 
properties of the wood material itself, or form birefringence, originating from the 
gross repetitive array of parallel cylindrical cells present in wood structure, or both. 
Furthermore, which of these two sources plays the dominant role is important for 
practical applications of THz technology in the wood products industry. The studies 
performed in this thesis have identified, for the first time, the relative contributions 
from intrinsic and form birefringence to the large birefringence observed in wood. 
This also addresses the question as to whether THz radiation can actually be used to 
probe the gross fibre structure in such a way that would allow extraction of structural 
information about the wood. 
In order to determine the relative contributions of the birefringence, a number of 
systematic studies were performed in this thesis and will be summarized here. 
Firstly, the angularly resolved refractive indices with respect to the orientation of 
the wood grain were determined. These indices of refraction were found to be in the 
range of 1.22-1.35, with birefringence values in the range of 0.06 to 0.07. Furthermore, 
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the birefringent axes for various species of wood are seen to coincide with the visible 
grain of the wood indicating that THz radiation can probe the gross fibre structure. 
The large values of birefringence might suggest that there are both form and intrinsic 
birefringence contributions present. Experimentally, many factors can have an effect 
on the birefringence of wood. The birefringence of wood is expected to exhibit vari-
ation between species, as well as variation with moisture content. As both of these 
factors are important to the wood products industry, it is important to quantify the 
variation of birefringence within and between species, as well as with moisture content. 
Not only do these factors provide important information to the wood products indus-
try, but they will also qualitatively suggest where the contributions of birefringence 
originate from. 
It was then illustrated that birefringence does vary both within and between 
species. Due to the strong variation of birefringence within species, using only the 
birefringence observed at THz frequencies does not provide enough information to 
differentiate between species, although in combination with other THz data, such as 
the THz time-domain waveforms, it may be possible to use THz radiation for species 
differentiation. Furthermore, it can be observed that softwoods exhibit a higher bire-
fringence on average than that of hardwoods. This result suggests that the dominant 
contribution to the birefringence might be attributed primarily to form birefringence. 
Next, the effect of moisture content on the birefringence in wood observed at 
THz frequencies was studied. The results suggest that within error, the birefringence 
observed in aspen does not appear to depend on the moisture content, although a 
minimal contribution to the birefringence from the variation in moisture content is 
possible. In transmission, the slopes of the refractive index versus moisture content 
curves for the polarizations aligned parallel and perpendicular to the visible wood 
grain do vary, although the variation is minimal. As moisture content should not affect 
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the intrinsic birefringence observed, but would affect the form birefringence observed, 
these results suggest that the birefringence observed in aspen wood can be attributed 
primarily to intrinsic birefringence. The theoretical form birefringence was modeled, 
and it can be seen that theoretically, form birefringence does have a strong dependence 
on moisture content. Based on this, and because the experimental data does not vary 
with moisture content, one could further ascertain that the birefringence observed 
in aspen wood can be attributed primarily to intrinsic birefringence. The fact that 
there is now opposing information with respect to the origin of birefringence in wood 
further motivated the need for a more quantitative study to determine the relative 
contributions of the birefringence observed. It was also determined that reflection 
spectroscopy is not a useful tool for examining the question of form versus intrinsic 
birefringence because the effective reflected depth would probe the internal structure, 
and the experimental conditions to reliably extract reflection spectra require a much 
higher degree of re-positioning accuracy than was possible in the experimental set-up 
used in this thesis work. 
In addition, the difference in the effect of moisture content on green aspen and 
dried aspen is also compared. It was shown that the slopes of the refractive index 
versus moisture content for the polarizations of the beam oriented parallel and per-
pendicular to the visible wood grain differ between green and dried aspen, although 
the birefringence values are calculated to be equal for the two within error. It is well 
known that the process of drying wood can change the internal wood structure, this 
could account for the slight variation in the refractive index values between green and 
dried aspen, and would further suggest that the main contribution of the birefringence 
observed in aspen wood is due to intrinsic birefringence. 
Because softwoods have a larger observable birefringence than hardwoods, the 
source of birefringence could be primarily attributed to form birefringence, although 
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based on the fact that the birefringence observed in aspen does not have a strong 
dependence on the moisture content, the source of birefringence could be primarily 
attributed to intrinsic birefringence. As these two conclusions are opposing, the re-
sults create strong motivation for a more quantitative study, which would provide a 
definitive conclusion. As will be outlined next, both of these conclusions are, in fact 
correct. 
In order to quantitatively determine the origin of the birefringence observed in 
wood at THz frequencies, wood samples for six different species are saturated in liq-
uids with varying refractive index values, which span those of cellulose. One finds that 
when the refractive index of the filler liquid matches that of the cell wall material, 
that form birefringence should no longer be exhibited, and the residual birefringence 
observed must be due to intrinsic birefringence. It was shown that the strong bire-
fringence observed in wood has both intrinsic and form birefringence contributions, 
although the relative contributions depend on the species. It can be seen that spruce, 
fir, red oak, and white oak all demonstrate form birefringence which accounts for 
over half of the overall birefringence. Based on the six species studied, there are two 
anomalies seen. Aspen only exhibits a relative contribution of approximately one fifth 
of the observed birefringence attributed to form birefringence, while maple has a much 
larger relative contribution due to form birefringence. 
Wood exhibits strong birefringence at THz frequencies, in which the birefringent 
axes coincide with the visible grain of the wood. This indicates that THz radiation 
can probe the gross wood structure. Also, birefringence varies strongly within and 
between species, with softwood species exhibiting larger birefringence than hardwoods. 
This suggests that form birefringence plays the dominant role in the birefringence 
observed at THz frequencies. Furthermore, the birefringence observed in aspen did 
not depend on moisture content, which suggests that intrinsic birefringence plays 
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the dominant role in the birefringence observed at THz frequencies. As these two 
statements conflict, it is interesting to note that they are both correct. As illustrated 
in the previous chapter, over half of the birefringence observed in spruce, fir, red oak, 
white oak, and maple can be attributed to form birefringence, while in aspen wood, 
the majority of the birefringence observed can be attributed to intrinsic birefringece. 
Based on the above results, one can ascertain that generally, form birefringence is 
the dominant contribution to the birefringence observed at THz frequencies, although 
aspen is an anomaly to this trend. Furthermore, these results suggest that because 
the form birefringence dominates, the gross physical structure of the wood is being 
probed by THz radiation, which means that applications to non-destructive, non-
contact strength testing of wood products are possible. 
The results presented in this thesis provides new opportunities for future research 
on wood using THz technology. One area of future work would be to study the 
effect of moisture content on other species, where form birefringence dominates. This 
would help to clarify the effect of moisture content on both the intrinsic and form 
birefringence observed. Another area of future work would be to determine a precise 
method for species differentiation using THz technology, potentially by combining 
properties observed at THz frequencies. A final area of future work would be to 
find correlations between intrinsic birefringence and intrinsic properties of the wood, 
such as crystallinity and microfibril angle, and between form birefringence and gross 
structural properties of the wood, such as cell diameter and cell wall thickness. This 
would help clarify why the relative contributions of intrinsic and form birefringence 
vary between species. 
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